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Abstract 
This thesis presents a new approach, with application, for assessing the feasibility of Managed 
Aquifer Recharge (MAR) under uncertain conditions. MAR is the intentional storage and treatment of 
water in aquifers for future use or storage conservation. A few studies indicate that MAR can be more 
profitable than surface storage and other alternatives. But the studies have substantial weaknesses. 
Firstly, they do not take consideration of uncertainty into account. Various types of uncertainties often 
exist such as whether MAR systems will remain operationally effective and profitable in the future, 
because long term feasibility of MAR depends on many uncertain hydrogeologic and financial 
variables. A second weakness has been the lack of a quantitative, integrated approach. The two gaps 
have been identified as the two major methodological needs for assessing the feasibility of MAR. 
These methodological gaps are conjointly addressed in the thesis by using an integrated and 
quantitative approach that considers a range of values for influencing variables from the distinct but 
complementing disciplines of hydrology, hydrogeology and financial economics. Hydrologic and 
hydrogeologic feasibility is assessed by examining source water availability from the frequency of large 
flood events and by considering hydrogeologic opportunities and constraints of storing water 
underground. Financial feasibility is assessed through cost-benefit analysis. Uncertainties are assessed 
by identification of cross-over points of many hydrogeologic and economic variables using break-even 
analysis. 
Cross-over points describe combinations of values where cost-benefit analysis shows two 
alternatives to be of equal value. These points are the thresholds where MAR and surface storage yield 
equal financial returns. The uncertainty approach systematically searches for conditions under which 
the requirements for MAR may not be met and failure might occur. Identifying cross-over points allows 
the user to understand the minimum conditions required for success of MAR and thereby allows 
consideration of measures that avoid failure. 
The application of the suggested feasibility approach is demonstrated through a case study in the 
lower Namoi Catchment, NSW. The selected case of the lower Namoi is felt to be representative enough 
of many catchments experiencing water restrictions and where surplus water from floods provides an 
opportunity for MAR. Under existing water allocation and capture rules, on average 85 GL per annum 
of floodwater is available that can be potentially stored in the aquifers of the lower Namoi Catchment. 
Results of the financial cost-benefit analysis indicate that, under a wide range of plausible conditions, 
the basin infiltration method is more profitable than surface storage and that Aquifer Storage and 
Recovery (ASR) is less profitable than surface storage of irrigation water. 
The thesis presents a framework of sequential steps that constitute a transferable approach for 
assessing the feasibility of MAR. The core of the approach , which is a method of identifying cross-
over points from multidisciplinary perspective, is beneficial in three ways: firstly, it can determine 
minimum hydrogeologic and cost requirements under which MAR can be worthwhile; secondly, it can 
substantially lower the cost of geophysical and hydrogeologic investigations by assessing only areas 
that satisfy minimum requirements of MAR ; and thirdly, it can improve confidence in decision making 
for adopting MAR systems. It is found that the method is of more general utility to a range of cost-
benefit applications where there is uncertainty in the values of influencing variables. 
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Glossary and Terms 
The glossary and terms for this thesis is reproduced from Dillon et al. 2009 and other reports on 
the topic of Managed Aquifer Recharge.  
Alluvial  Pertaining to or composed of alluvium or deposited by a stream or running 
water. 
Alluvium Clay, silt, sand, gravel, or similar unconsolidated sediments deposited during 
comparatively recent geologic time by a stream or other body of running 
water. 
Aquifer  A permeable rock formation, group of formations, or part of a formation that 
stores and transmits sufficient groundwater to yield significant quantities of 
water to wells, bores and springs. 
Aquifer matrix Aquifer in general refers to the skeleton or material making up the aquifer. 
Artificial recharge  The process by which water is injected or infiltrated into an aquifer by the 
deliberate human actions.  
Bank filtration  Extraction of groundwater from a well or caisson near or under a river or lake 
to induce infiltration from the surface water body, thereby improving and 
making more consistent the quality of water recovered.  
Beneficial use  The value of water in sustaining ecological systems as well as economic uses 
of water, eg as drinking water, irrigation, industrial and mining water 
supplies. Water quality requirements are determined by the class of 
beneficial use.  
Bore  Includes any well, shaft, spear, excavation or artificially improved opening in 
the ground used for the extraction or monitoring of groundwater. 
Calcareous  Rocks or sediments containing appreciable quantities of calcium carbonate. 
Confined aquifer  A completely saturated aquifer formation isolated from the atmosphere, 
which is overlain and underlain by confining layers. If a well is placed through 
the confining layer, water from the aquifer may rise considerable distances 
above the top of the aquifer. 
Confining layer  A rock unit impervious to water, which forms the upper bound of a confined 
aquifer.  
Contaminant  Biological or chemical substance or entity, not normally present in a system 
or any unusually high concentration of a naturally occurring substance, 
capable of producing an adverse effect in a biological system, seriously 
injuring structure or function. 
Desalination 
  
A water treatment process used to convert highly saline water into water 
suitable for human consumption. Treatment involves passing saline water 
through membranes at a high pressure. 
Disinfection  The process designed to kill most microorganisms in water, including 
essentially all pathogenic (disease-causing) bacteria. There are several ways 
to disinfect, with chlorine being most frequently used in water treatment.  
  
xiii 
Dissolved solids  The total amount of dissolved material, organic or inorganic, contained in 
water or wastes. 
Electrical conductivity (Ec)  A measure of the conduction of electricity through water. This can be used to 
determine the soluble salts content. (in the absence of a regression for the 
local water type, total dissolved solids TDS in mg/l may be approximated as 
0.6 * Ec, where Ec is measured in μs/cm)  
Environmental flows  Environmental allocation for surface water rivers, streams or creeks.  
Environmental values  Particular values or uses (sometimes called beneficial uses) of the 
environment that are important for a healthy ecosystem or for public 
benefit, welfare, safety or health and that require protection from the effects 
of contaminants, waste discharges and deposits. Several environmental 
values may be designated for a specific water body.  
Filtration  Process in which particulate matter in water is removed by passage through 
porous media.  
Formation  An assemblage of rock masses grouped together into a unit that is 
convenient for description or mapping. 
Gravel  An array of sized granular material used between the borehole and bore 
screen or perforated lining or casing to improve the flow and prevent or 
control the movement of finer particles from the aquifer into the bore. 
Groundwater  Water contained in rocks and/or subsoil.  
Groundwater dependant 
ecosystem (GDE)  
A diverse and important component of biological diversity, taking into 
account ecosystems that use groundwater as part of survival. GDEs can 
potentially include wetlands, vegetation, mound springs, river base flows, 
cave ecosystems, playa lakes and saline discharges, springs, mangroves, river 
pools, billabongs and hanging swamps.  
Groundwater head  Energy contained in a water mass, produced by elevation, pressure or 
velocity. Usually measured as the standing height or water level that can be 
supported by the static pressure of a bore. 
Hazard  A biological, chemical, physical or radiological agent that has the potential to 
cause harm.  
Heavy metals  Metallic elements with high atomic weights which may be toxic to plant or 
animal life, depending on their oxidation and chemical state. Examples 
include arsenic, cadmium, chromium, mercury and lead. 
Heterogeneity  Having different properties at different locations within an aquifer.  
Hydraulic conductivity  A coefficient of proportionality (k) describing the rate at which water can 
move through a permeable medium (that is, the rate at which water will 
move under a unit hydraulic gradient through a unit area measured 
perpendicular to the direction of flow, expressed in metres per day). 
Hydrogeology  The study of groundwater, including flow in aquifers, groundwater resource 
evaluation, and the chemistry of water-rock interaction, hydrogeology is 
arguably the most wide-ranging sub-discipline in the earth sciences.  
Impermeable  Refers to a lithological unit that acts as a barrier to water movement as it will 
not allow flow of fluid through the pore spaces. 
  
xiv 
Infiltration  Is commonly used in hydrology to denote the flow of water downward from 
the land surface into and through the soil material. 
Injection well  A well that admits water into an aquifer, either by pumping or under gravity.  
Karst/Kaustic  A geologic terrain underlain by carbonate rocks (for example, limestone) 
where significant dissolution of the rock has occurred due to flowing 
groundwater leaving substantial voids. 
Liveliest cost  Liveliest costs are the constant level of revenue necessary each year to 
recover all the capital, operating and maintenance expenses over the life of a 
water supply project divided by the annual volume of supply.  
Limestone  A sedimentary rock consisting chiefly of calcium carbonate, primarily in the 
form of the mineral calcite. 
Lithology  The mineral composition and properties of rocks. 
Mains water  Potable water from a reticulated water supply, e.g. Town water supply.  
Managed aquifer recharge 
(MARMAR)  
A term applied to all forms of intentional recharge enhancement, for the 
purpose of reuse or environmental benefit.  
Observation well  A narrow bore, well or piezometer whose sole function is to permit water 
level and quality measurements.  
Palaeochannel aquifer  Old river bed buried by newer geological deposits  
Passive treatment  Treatment technologies that can function with little or no operation or 
maintenance over long periods of time. They can function for weeks to years, 
even decades, with little human interference. Examples include: grassed 
swales, ponds, wetlands, unsaturated zone infiltration systems and aquifer 
storage.  
Pathogen  A disease-causing organism (eg bacteria, viruses and protozoa).  
Permeability  A measure of a formation’s ability to transmit fluid through its pore spaces. A 
rock may be very porous, but if the void spaces are not connected, or are 
connected only by small openings, it will have a low permeability. 
Piezometer  A short-screened observation well used to determine pressure and/or water 
quality at a particular depth interval within an aquifer.  
  
Porosity, effective  The volume of pore space in saturated permeable rock or sediment through 
which fluids can flow divided by the total volume of the rock or sediment. 
Potable water  Water suitable for drinking or cooking purposes from both health and 
aesthetic considerations. 
Pre-treatment  Any treatment (eg detention, filtration) that improves the quality of water 
prior to recharge.  
Rainwater  Water collected from the roofs of buildings.  
Reclaimed water  Sewage treated for a reuse (recycled water preferred).  
Recovery efficiency (re)  The volume of recovered water that meets the salinity criteria for its 
intended uses expressed as a percentage of the volume of fresh water 
injected into a brackish aquifer (usually evaluated on an annual basis).  
Recycled water  Water generated from sewage, greywater or stormwater system and treated 
to a standard that is appropriate for its intended use.  
Risk  The likelihood of a hazard causing harm in exposed populations in a specified 
time frame, including the magnitude of that harm.  
  
xv 
Runoff  Surface overland flow of water resulting from rainfall or irrigation exceeding 
the infiltration capacity of the soil.  
Salt water intrusion  The movement of saline water into previously fresh groundwater. This most 
commonly occurs in coastal zones and is usually the result of human activity. 
Saturated zone  The zone of an aquifer where the voids in the rock or soil are completely 
filled with water at a pressure greater than atmospheric. 
Sedimentary 
aquifers/rocks  
Aquifers/rocks resulting from the deposition of sediment by water wind, ice, 
chemical precipitation or secretion by organisms eg sandstone, siltstone, 
limestone, mudstone, etc. 
Source water  Water as harvested, before any treatment, prior to recharge.  
Stakeholder  A person or group (eg an industry, a government jurisdiction, a community 
group, the public, etc.) that has an interest or concern in something.  
Storage  A natural or artificial impoundment used to hold water before its treatment 
and/or distribution (eg reservoir or aquifer).  
Storativity/storage 
coefficient  
The volume of water that an aquifer releases from or takes into storage per 
unit surface area of the aquifer per unit change in head. In an unconfined 
aquifer, it is normally referred to as specific yield. It may be referred to as 
storage coefficient. 
Stormwater  Rainfall that runs off all urban surfaces such as roofs, pavements, car parks, 
roads, gardens and vegetated open space.  
Surface water  All water naturally opens to the atmosphere (eg rivers, streams, lakes and 
reservoirs).  
Suspended solids Solids which are not in true solution and can be removed by filtration. They 
may be imparted from small particles of insoluble matter, from turbulent 
action of water on soil, or from domestic and industrial wastes. 
The watertable  The top of the saturated zone in an unconfined aquifer. 
Tracer  Any distinctive substance which can be used to quantitatively or qualitatively 
“fingerprint‟ water. 
Transmissive aquifer  A transmissive aquifer can easily convey large volumes of water.  
Transmissivity  The rate at which water of the prevailing density and viscosity is transmitted 
through a unit width of an aquifer under a unit hydraulic gradient, expressed 
in square metres per day. Transmissivity is equal to the hydraulic conductivity 
times the thickness of the aquifer. 
Turbidity  The cloudiness of water caused by the presence of fine suspended matter.  
Unconfined aquifer  A type of aquifer that has the watertable as its upper boundary, and is 
usually recharged by infiltration from the surface.  
Unconsolidated, 
aquifer/formation  
Loose or soft rock material often referring to mixtures of sand and gravel. 
These formations are widely distributed and can possess good storage and 
water transmissivity characteristics. 
Underground dam  In ephemeral streams where basement highs constrict flows, a trench is 
constructed across the streambed keyed to the basement and backfilled with 
low permeability material to help retain flood flows in saturated alluvium for 
stock and domestic use (eg in Kenya).  
  
xvi 
Unsaturated zone  The zone between the land surface and the watertable. The pore spaces are 
partly filled with air and contain water at less than atmospheric pressure. 
Also known as the vadose zone. 
Water level/ groundwater 
level  
The level of groundwater standing in a bore, measured relative to ground 
level. 
Water recycling  A generic term for water reclamation and reuse. It can also be used to 
describe a specific type of “reuse” where water is recycled and used again for 
the same purpose (e.g. recirculating systems for washing and cooling), with 
or without treatment in between.  
Waterlogging  Saturation of soil with water.  
Watertable  Groundwater in proximity of the soil surface with no confining layers 
between the groundwater and soil surface. 
Well yield The volume of water that can be discharged from a water bore usually 
quoted in litres/second or cubic metres/day. 
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Chapter 1 Introduction 
1.1 The context and background to the topic 
The sustainable use and management of groundwater remains a critical research and 
societal challenge, because groundwater resources are being depleted in many parts of the world, 
are only indirectly observable and considered hard to conceptualise. Managing groundwater has 
all the features of “wicked or messy" problems (Rittel and Webber, 1973), there being multiple 
stakeholders and decision makers with competing and conflicting goals. Furthermore, 
groundwater overexploitation and pollution can remain undetected for decades or even centuries, 
presenting further challenges for managing the resource. 
The dependence of human and ecological communities on groundwater and the respective 
challenges varies substantially across the globe. On average, groundwater comprises 
approximately 20% of the world’s water use, however, there are countries, such as Belgium, 
Denmark, Saudi Arabia and Austria, where over 90% of total water consumption is sourced from 
aquifers (Zektser and Everett, 2004). In the arid and semi-arid regions groundwater is 
predominantly used for agricultural purposes, especially for irrigation (Zektser and Everett, 
2004). Many large aquifers vital to agriculture, notably in India, Pakistan, Saudi Arabia, USA, 
China, Iran and Mexico, are under threat from overexploitation (Gleeson et al. 2012a; Wada et 
al. 2012). 
Where groundwater abstraction exceeds recharge over long periods and over extensive 
areas, the subsequent decline in water level can have harmful impacts on groundwater dependent 
streams, wetlands and ecosystems (Wada et al. 2010). Furthermore, lowered groundwater levels 
can reduce well yields and increase pumping costs, as well as lead to land subsidence (Konikow 
and Kendy 2005). The last in particular can be a greater concern because when an aquifer is 
sufficiently dewatered, its compaction cannot be reversed, and there are then no options available 
to regain the lost aquifer storage capacity. 
Water demand continues to grow in order to maintain food requirements and drinking 
water supplies, while supplies from conventional sources may remain limited. Future water 
security is threatened in many places, as most suitable locations for large surface storage dams 
have already been used (Wisser et al., 2013) and groundwater is often being withdrawn at 
unsustainable rates (Konikow and Kendy, 2005; Giordano, 2009; WWAP, 2014). Historically, 
surface storages in large dams have made an important contribution to human development 
because dams had been used as an adaptation to overcome temporal variation in water availability. 
Presently, the construction of new surface storage dams faces a number of criticisms, such as their 
interference with the stream ecology, displacement of people and high evaporation losses 
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(McCully, 1996; World Commission on Dams, 2000). Gleick (2000) reported decommissioning 
of nearly 500 dams in the USA and elsewhere directed to river restoration. 
On the other hand, economic gains from groundwater use have been substantial in the last 
fifty years but they have been realized at high social and environmental costs (Shah et al., 2000). 
Groundwater depletion has now become a global concern, because groundwater levels on many 
locations are dropping due to an imbalance between extraction and natural recharge (Gleeson et 
al., 2012b). Note that groundwater depletion, groundwater overdraft or groundwater mining are 
interchangeable terms in the literature and describe a general expression that leads to any 
consequence which is perceived as negative for the current and future use of groundwater 
(Konikow and Kendy, 2005). Adverse effects of groundwater depletion can include: flow 
reduction in streams, wetlands and springs due to water level decline and stream-aquifer dis-
connectivity (Sophocleous, 2002), water quality degradation through intrusion of saline water 
into fresh aquifers (Werner et al., 2013a), land subsidence (Changming et al., 2001), increased 
costs of pumping (Harou and Lund, 2008; Qureshi et al., 2012), and depletion of groundwater 
storage (Gleeson et al., 2012b). A comprehensive review of the scale of groundwater depletion 
issues internationally is presented in Chapter 2 to highlight the impacts and the significance of 
groundwater management. 
For future water security, though improvements in water use efficiency and water demand 
management remain highly emphasized, new water supplies will be needed to meet the needs of 
growing populations (Gleick, 2000). Among water supply augmentation options, such as water 
recycling and desalination, storing more water underground appears to be a potential solution to 
achieve future water supply goals. Water shortages can be eased by storing surplus water 
underground during wet periods for later use during dry periods. Benefits of storing water 
underground include recharging depleted aquifers to manage overdraft, increasing the reliability 
of supply during dry periods, enlarging storages without building new dams, reducing evaporative 
losses, reconnecting surface water and groundwater, and creating strategic water reserves for the 
future. 
Managed aquifer recharge (MAR) has been used successfully in several countries for the 
storage and treatment of water (Gale et al., 2002; Dillon, 2005; Gale et al., 2006; Missimer et al., 
2014). Storage of surplus water in aquifers can help minimize evaporative losses and help 
irrigators to adjust to surface water variability during droughts, provided that MAR is technically 
feasible and is cost-effective option in comparison to alternatives. 
Managed aquifer recharge, groundwater banking and artificial recharge are terms used 
interchangeably in the literature. Dillon (2005) described managed aquifer recharge as an 
umbrella term used for a variety of methods for intentional banking and treatment of water in 
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aquifers. Chapter 3 in the thesis provides greater detail of MAR types and their feasibility 
requirements. 
More storage of water is needed in aquifers for three major reasons. In the first place, 
groundwater is a primary source of water supply for domestic, agricultural and industrial water 
uses. It contributes 36%, 42% and 27% respectively for domestic, agricultural and industrial water 
uses globally (Döll et al., 2012). Secondly, a growing population will increase pressure on already 
scarce groundwater resources, with global population projected to reach 9.3 billion by 2050 
(UNDESA, 2012). Thirdly, the importance of groundwater for all human needs including for 
urban and food security will intensify under climate change (Taylor et al., 2012). The projected 
higher variability in rainfall will lead to more frequent and intense droughts and floods (Bates et 
al., 2008), making surface water less available. 
Managed Aquifer Recharge (MAR) has been advocated and found suitable in many 
locations to refill depleted aquifers. A few studies indicate that MAR can be more profitable than 
surface storage and other alternatives but they have typically been without consideration of 
uncertainty. Uncertainty often exists as to whether MAR systems will remain operationally 
effective and profitable in the future, because long term feasibility of MAR depends on many 
uncertain hydrogeologic and financial variables. This thesis presents application of a new 
approach for assessing the feasibility of Managed Aquifer Recharge (MAR) under uncertain 
conditions. 
1.2 Feasibility of MAR 
The feasibility of MAR and its comparative cost to other alternatives depend on a number 
of technical and financial factors, such as water recharge and water recovery rates which are 
dependent primarily but not only on local hydrogeology (Dillon et al., 2009b). Feasibility of an 
MAR project requires the integration of many types of methods, data and information from many 
disciplines. Figure 1.1 illustrates a broad framework under which the feasibility of MAR can be 
studied from many perspectives. These include: hydrologic assessment, hydrogeologic 
investigations, assessment of environment risks, financial and economic assessment, assessment 
of engineering methods, engaging stakeholders and assessing social acceptance and assessing 
regulatory and institutional mechanisms.  
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Figure 1.1: A Framework for Feasibility of Managed Aquifer Recharge: 
Adapted from GHD and AGT (2011), Dillon et al. (2009b) and Rawluk et al. (2012) 
 
Integration of all the above mentioned assessments in Figure 1.1 is necessary before 
establishing any MAR project. But the first step in establishing an MAR scheme requires 
assessing the feasibility of technical, that is hydrologic and hydrogeologic, and financial aspects 
to provide a basis for other MAR investigations to proceed. 
1.3 Research Gaps  
In the last 20 years the case of MAR has progressed with several projects but its global 
uptake has been relatively slow. This limited uptake may be attributed to two research and 
knowledge gaps: 
i) there is little information on the economics of MAR - see Maliva (2014a) and Parsons 
et al. (2012); 
ii) there is a lack of established rules on the governance of MAR - see (Ross, 2014) and 
(Ward and Dillon, 2012). 
There is little research on the comparative economics of MAR and surface storage of water 
because benefits from MAR have not been financially validated against traditional surface 
storages (Ross and Arshad, 2013). A Few jurisdictions in Australia, USA and elsewhere have 
made some progress in establishing institutional rules, but there is little information on the 
financial feasibility of MAR in comparison to alternatives including surface storages. Knowledge 
about the financial feasibility of MAR may provide an incentive to overcome other legal obstacles 
to establishing and scaling up MAR systems. Of the two stated knowledge gaps, assessing 
 5 
economic feasibility of MAR is the primary focus of this thesis while governance and institutional 
aspects of MAR are only reviewed in Chapter 3 to complement understanding of the wider MAR 
feasibility requirements to assess. 
Cost-benefit analysis (CBA) provides a comparison of benefits and costs resulting from a 
proposed policy or investment (Griffin, 2006). Previous studies undertaking CBA of MAR have 
assumed hydrogeologic factors, such as infiltration, injection and recovery rates, to be known (see  
Donovan et al., 2002; Khan et al., 2008 and Kalantari et al., 2010). Hydrogeologic conditions and 
many other variables on which the feasibility of MAR depends can be uncertain. Overlooking 
such uncertainties can result in lower than expected operational efficiency and irrigation returns 
from MAR (Maliva, 2014a). For example, future returns from MAR may be affected by increases 
in groundwater pumping cost or reductions in infiltration rates. Similarly, an increase in the 
turbidity of source water due to hydrological variability can significantly increase the cost of 
MAR. Maliva (2014a) highlighted that assessing such uncertainty is perhaps the most neglected 
aspect in the economics of MAR. 
1.4 Research Scope 
In view of the existing body of research on managed aquifer recharge, the objective of this 
research is to advance the understanding of and methods for assessing the feasibility of MAR 
under variable and uncertain conditions. This thesis uses an integrated approach to study the 
feasibility of managed aquifer recharge by combining technical (hydrologic and hydrogeologic) 
and financial variables and by taking uncertain conditions into account. 
This thesis considers feasibility primarily at the scale of a farming landscape. Only the 
financial benefits are monetized, since the goal is on the recovery of the stored water, and the 
volumes recovered accrue to farmers for irrigation use with expected financial value of benefits 
in dollar terms. When the focus shifts to estimating total economic benefits of recharge at a 
regional-scale instead of an individual, then the estimation of benefits of managed aquifer storage 
become more complex, as public good (socio-economic and environmental benefits) at a regional-
scale needs to be accounted for and these benefits are more difficult to assess and quantify. 
Nevertheless, at both scales, underground water storage appears likely to have smaller 
environmental impacts than surface reservoirs, because MAR minimises evaporative losses as 
well as using less land than surface storage. 
1.5 Research Objectives 
Major objectives of this research are to:  
1. Develop a framework to assess the feasibility of MAR  
2. Compare financial costs and financial benefits of MAR with surface water storage; 
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3. Explore methods for dealing with uncertainties in the feasibility of MAR    
The integrated approach and methods developed in the thesis allow practitioners to 
address, for their cases, a central question, when and why MAR is or is not profitable in 
comparison to surface storage of water?  
The integrated approach and methods also facilitate answers to three subsidiary questions 
which can be stated as: 
i. What are the important variables and their influence on the feasibility of MAR?  
ii. Under what conditions is MAR financially more profitable than surface storage 
of water?  
iii. How does consideration of uncertainty improve framers’ understanding and 
decision making to initiate MAR? 
1.6 Research Methods 
There is a growing recognition that many groundwater management questions cannot be 
adequately answered by single discipline studies. Thus the need for an integrated assessment or a 
systems view, which includes integrating many variables across disciplines, becomes necessary 
(Haapasaari et al., 2012). As mentioned earlier, feasibility of an MAR scheme requires the 
integration of many types of methods, data and information from many disciplines. This thesis 
uses an integrated approach to assess feasibility of managed aquifer recharge under uncertain 
situations. 
Integrated assessment involves combining communication of ideas, organizing concepts 
or integrating methods across two or more disciplines to answer complex questions (Huutoniemi 
et al., 2010). Integration in this research occurs at two levels;  
i. Integration of hydrologic, hydrogeologic  and financial disciplines by analysing 
many variables from three disciplines in a single model, and 
ii. Integration by enhancement of disciplinary computational methods. 
Enhancement of cost-benefit analysis is extended to break-even analysis to 
identify cross-over points for many variables. Cross-over points describe 
corresponding values of variables at which the net present value (NPV) from 
MAR and a comparison method, in our case surface storage, become equal. The 
variables for the cost-benefit analysis were chosen based on an examination of 
literature concerning the technical and financial feasibility of MAR. Chapter 3 
identifies and lists the variables considered for the CBA and break-even analysis. 
Analyses in this research are carried out in three steps. The first level of analysis considers 
hydrologic and hydrogeologic assessments in the study area (Chapter 5). At the second level, 
financial analysis is carried out (Chapter 6) by using cost-benefit analysis. CBA compares Net 
Present Value (NPV) of irrigation benefits of surface storage with two managed aquifer storage 
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methods, namely basin infiltration and Aquifer Storage and Recovery (ASR). At the third level 
break-even analysis of cross-over points (Chapter 7) is carried out. Break-even analysis of cross-
over points integrates the consideration of uncertainty of the variables in CBA to assess feasibility 
of MAR. This involves finding values of variables at the cross-over points that will provide 
exactly the same financial returns from surface storage and managed aquifer storage of irrigation 
water. The financial analysis evaluates whether investment in MAR is worthwhile while break-
even analysis of cross-over points helps understand the circumstances when MAR is worthwhile. 
Identifying cross-over points allows the user to understand the minimum conditions required for 
success and allows for measures to avoid the situation. For the consideration of uncertainty a 
conceptual framework is presented (Chapter 4 - Figure 4.2) that integrates financial and non-
financial (technical aspects) into an integrated assessment. Technical assessment includes 
hydrologic, hydrogeologic and assessment of other non-financial variables.  
There are many variations in the concept of integrated assessments (IA). The concept of 
IA used for this research is closer to the one presented by Jakeman and Letcher (2003) for 
integrated assessment in environmental decision making, emphasising the need for a problem 
focus, requisite interdisciplinarity, and improved techniques of uncertainty analysis to 
differentiate between different decisions. Research in this thesis does not include stakeholder 
engagement that is often considered as one part of IA. The research aims to serve as a fundamental 
starting point for assessing the case of managed aquifer recharge and a pathway to establish social 
and institutional settings for MAR through stakeholder engagement in the study area of interest. 
1.7 The lower Namoi Catchment case study 
In many parts of Australia, overdraft of aquifers is resulting in falling groundwater levels 
in the shallow, unconfined systems and decreasing groundwater pressures in the deep confined 
and semi-confined systems (MDBA, 2012). The lower Namoi Catchment is the case study area 
of the thesis and is located in the northern NSW region within the Murray-Darling Basin (MDB). 
It is an intensive agricultural area focused heavily on cotton production and is the area extracting 
the largest groundwater volume for irrigation in the MDB. The scale of groundwater use over 
time has dramatically lowered groundwater levels (Kelly et al., 2013), leading to cuts in irrigators’ 
groundwater entitlements. 
In response to concerns about groundwater overdraft, the New South Wales (NSW) 
government has reduced current groundwater entitlements in its stressed aquifer systems (CSIRO, 
2007). For the lower Namoi Catchment, this cutback translates to a reduction of 21 gigalitres (GL) 
per year in groundwater entitlements for irrigation by 2015 and beyond. Groundwater in the 
Namoi River Catchment supports an irrigation industry worth in excess of 380 million dollars per 
annum (Australian Cotton Growers, 2012). On-farm water storages within the lower Namoi 
involve significant losses of irrigation water to evaporation from surface storages. This region 
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appealed as a case study to explore opportunities for MAR using large flood events for the 
following reasons: agriculture is highly profitable and dependent on irrigation using groundwater; 
aquifers are depleted; and the lower Namoi regularly experiences large floods that may be used 
to recharge groundwater. The selected case is felt to be representative enough of many catchments 
in Australia and elsewhere that experience groundwater overdraft, to inform and provide lessons 
for them. The results of this study can largely inform other areas experiencing the similar situation 
of groundwater over-extraction and/or experiencing large evaporation losses from surface storage 
of water. 
1.8 Thesis structure  
The major text in this thesis follows to varying extents the ten publications listed in 
Appendix II. Most chapters contain an introduction, relevant literature review and a summary. 
Chapter 2 provides a review of the scale of groundwater depletion issues internationally to 
highlight the pervasiveness of impacts and the significance of groundwater management. Chapter 
2 also discusses the role of MAR in integrated water resource management. Chapter 3 reviews 
the feasibility of MAR as well as the various approaches and their strengths and limitations in 
assessing MAR feasibility. Chapter 4 describe methods and explains the model and integrated 
framework for this research. It also provides the detail of the analysis and significance of the case 
study used for assessing the feasibility of MAR. 
Chapter 5 examines the water availability for the purpose of MAR by considering large 
streamflow/flood events. Results of hydrologic analysis in Chapter 5 have been published in 
Arshad et al. (2012), in Proceedings of the Fifth International Groundwater Conference on the 
Assessment and Management of Groundwater Resources. Based on the published literature, 
Chapter 5 also explores the hydrogeologic potential and constraints of implementing MAR in the 
study area. Chapter 6 evaluates the financial costs and irrigation returns of MAR in comparison 
to surface storage of water in the lower Namoi Catchment. Preliminary results of Chapter 6 were 
published in Arshad et al. (2013), in Proceedings of the 20th International Congress on Modelling 
and Simulation (MODSIM, 2013), and in Ross and Arshad (2013) in Proceedings of the 8th 
International Symposium on Managed Aquifer Recharge (ISMAR 8, 2013) and its extension in 
Dillon and Arshad (in press). Chapter 7 introduces a method to assess the financial feasibility of 
MAR under uncertainty in a host of variables including infiltration and recovery rates, cost of new 
MAR infrastructure and cost of pumping groundwater. The chapter synthesises knowledge from 
earlier chapters and carries out break-even analysis of cross-over points of many variables. 
Chapter 7 follows the major text from a published journal article by Arshad et al. (2014). Chapter 
8 concludes the thesis by highlighting its major findings, the contribution of this research to the 
topic of managed aquifer recharge and areas for future research. 
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Chapter 2 The international scale of 
groundwater issues and Role of MAR in 
Integrated Water Resources Management 
2.1 Introduction 
Throughout history, groundwater has been a major source of water for sustaining human 
life. Because it is buffered from short-term variability in weather patterns, groundwater has often 
been considered a stable and reliable resource. With the advent of efficient pumps and rural 
electrification, global groundwater extraction increased from 312 km3/year in the 1960s to 743 
km3/year in 2000 (Wada et al., 2010); approximately 70% of this extraction is used for agriculture. 
About half of domestic human water consumption in urban areas is sourced from groundwater 
(Giordano, 2009). With increased water use comes a related possibility of local, regional, and 
international conflict over groundwater resources. 
Groundwater, surface water, humans, their institutions and ecosystems are all 
interconnected in ways that necessitate an integrated approach to management. To manage in this 
way requires an understanding not only of the component aspects of the problem but also of the 
components’ interconnections. Jakeman et al. (in press) provides multi dimensions of an 
integrated approach for managing groundwater resources. Determining the scope of these issues, 
the first dimension, is challenging on a global scale, primarily because groundwater systems 
themselves are not all connected in the same way, and each system has its own characteristics. 
Thus, any measurements of a specific system reflect specific local conditions, making 
extrapolation from data-rich to data-poor regions problematic. In contrast to measurements of 
streams which can integrate information over an entire watershed, point measurements of 
groundwater conditions commonly reflect a smaller land area, requiring more measurements to 
evaluate a comparable region. Remote sensing techniques such as the Gravity Recovery and 
Climate Experiment (GRACE) satellite provide information over larger areas, offer too large for 
management, but they also require site-specific calibration information and are more accurate for 
determining changes than for assessing conditions at a certain time. A realistic picture of global 
conditions, then, must be based on aggregation of data from a variety of widely distributed sources 
and organizations, many of them local in focus. These data must also be used with modelling 
techniques to obtain estimates of groundwater conditions.  
Once information from observations and models is assembled, metrics that allow 
comparison among regions can be developed to guide management. These metrics are typically 
based on water balance computations, which in turn are based on estimates of human extraction 
and returns, removal from storage, water required for ecosystem services, and natural 
replenishment. The management challenge then becomes making the difficult choices regarding 
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the level of sustainability required, because the relationship of humans to groundwater resources 
differs from place to place. 
2.2 International groundwater issues 
Four international groundwater issues of major importance to livelihood are: depletion of 
water (see- Gleeson et al.,2012b), degradation of water quality (see- Foster and Chilton, 2003b), 
the water-energy nexus (see- Dominguez-Faus et al., 2009), and transboundary water conflicts 
(see- UN-IGRAC 2012). In the context of these issues, technical challenges abound in attempting 
to understand and quantify current impacts and resources, even more so in attempting to plot a 
way forward. Yet, some advances in understanding are being made, and common threads of 
challenges related to scale, governance, and the need for integrated data also provide opportunities 
to impact multiple issues with each advance. 
Depletion is a major groundwater issue, but the definition of depletion is not completely 
obvious and has changed over time. Dating back to 1915, concepts of safe yield in relation to 
groundwater were proposed. Originally, a balance was sought between groundwater extraction 
and replenishment by recharge such that extraction could continue in equilibrium. This early 
definition did not incorporate transient conditions, nor did it consider ecosystem impacts. The 
concept of depletion has since evolved into one that acknowledges sustainability and integrated 
water management, but a true accounting of depletion must also embrace socio-economic 
considerations (Werner et al., 2013b). Depletion is still typically measured by decreases in 
groundwater levels and decreases in base-flow or levels in connected surface water bodies, and 
degradation in water quality.  
Degradation of water quality falls into two broad categories (Foster and Chilton, 2003b): 
that due to natural conditions and that due to anthropogenic causes. Both forms of degradation 
can result from human extraction of groundwater. Extraction or changes to recharge can alter 
groundwater flow directions or expose aquifer material to air, allowing for previously clean water 
to encounter natural contaminants such as radium, salt, arsenic, and fluoride, resulting in poor 
water quality and associated health impacts. On the other hand, chemical and biological 
contaminants emanating from industry and agriculture also cause water quality degradation. 
The water-energy nexus is an integrative issue with feedbacks among water extraction, 
water quality, and energy production and consumption (Dominguez-Faus et al., 2009). Declining 
water levels due to extensive extraction lead to increased lift required by pumps, thereby 
increasing the amount of energy and cost required for irrigation and domestic use. Exploration 
for new energy sources—for example, shale gas—also has the potential to create groundwater 
contamination from various activities associated with its production, such as during hydraulic 
fracturing and deep disposal of drilling fluids.  
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Transboundary aquifers have often been cited as potential hotspots of global conflict. 
Many aquifers are bounded by the borders of a single country and whereas internal conflicts arise 
and can be substantial, they are less likely to be violent than conflicts between nations. Exceptions 
include the Nubian Aquifer in North Africa and aquifers in the Israel/Palestine region. Conflicts 
less intense than war nonetheless occur within nations at scales ranging from individual ranches 
to larger regions. Dire predictions of wars over groundwater resources have been made for many 
years, and although some violence has occurred, extraordinary cooperation has sometimes been 
motivated by a mutual need for groundwater resources. Uncertainties related to the amount of 
groundwater resources—in contrast with surface water systems—may increase the likelihood of 
future conflicts. 
The next sections of this chapter will explore each of these integrated issues more deeply. 
The goal is to highlight the need for integrated management and to set a conceptual framework 
for the discussion and potential solutions. 
2.3 The Concept of groundwater depletion 
When evaluating the international scale of the groundwater issue, it is important to 
establish what makes groundwater an issue in the first place. Understanding concepts of 
sustainability, safe yield, and depletion are central to this. These concepts guide definitions of 
where groundwater stresses are important. 
A parallel evolution in thinking has occurred in the last 100 years regarding: (i) the 
connections between surface water and groundwater and (ii) the importance of water provided to 
ecosystems (Sophocleous, 1997). Despite previous misconceptions of “safe yield” (for example, 
using calculations of recharge as a basis for allotting an amount of water that can be “safely” 
extracted from a groundwater basin), it has become more widely accepted that discharge to 
streams, springs, etc., is often the limiting water balance element. With regard to ecosystem 
services, the concept of “safe yield” has evolved to one of “sustainability,” augmenting 
consideration of undesirable economic impacts of depletion with the maintenance of discharge 
flows at levels that support ecosystem dependence on surface water and groundwater from 
aquifers. 
As early as 1915, the term “safe yield” (Lee, 1915) of a groundwater basin was used to 
define “the net annual supply which may be developed by pumping and Artesian flow without 
persistent lowering of the ground-water plane.” subsequent work (Todd, 1959) made a more 
general definition as “the amount of water which can be withdrawn from it annually without 
producing an undesired result.” Two important aspects of this definition warrant further scrutiny. 
First, the specific source of water needs to be understood to evaluate whether withdrawals 
are balanced with sources. In Lee’s original definition, the entire water balance was considered, 
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and it was acknowledged that often the source of water to pumping wells is the interception of 
discharge to surface water bodies rather than the collection of recharge. The early workers (Lee, 
1915) stated that “It is obvious that water permanently extracted from an underground reservoir, 
by wells or other means, reduces by an equal quantity the volume of water passing from the basin 
by way of natural channels.” Work by Theis (1940) and others also highlighted the importance of 
intercepted discharge to surface water or evapotranspiration as more significant than collection 
of recharge. However, over time, the importance of intercepted discharge was neglected and focus 
on balancing recharge with pumping became a popular definition of safe yield—including 
codification in legislation in some parts of the United States (Sophocleous, 1997). 
This oversimplified concept has been called the “water budget myth” (Bredehoeft et al., 
1982; Bredehoeft, 1997; Sophocleous, 1997). Conservation of mass is a tenet of science, formally 
dating back to 1748 (Hockey et al., 2007), so the establishment of water budgets is a natural 
approach to assessing groundwater availability. Simply by accounting for inputs (through 
recharge and regional flow) and outputs (natural discharge to surface water, evapotranspiration, 
and anthropogenic extraction) and the change in storage, the amount of available groundwater 
can be established. Prior to pumping, the groundwater system is typically in dynamic equilibrium, 
with storage being constant and the sum of all inputs equal to the sum of all outputs. If a new 
stress acts on the system, either recharge must increase, discharge must decrease, or water must 
be removed from storage. It is uncommon for pumping to be accompanied by an increase in 
recharge from precipitation, so the change must result from some combination of a decrease in 
discharge or removal of water from storage. As water is removed from storage, the groundwater 
surface—the water table in unconfined aquifers or the potentiometric surface in confined 
aquifers—drops, which can increase the cost and difficulty of removing water through pumping. 
Through a dropping water surface, directly intercepted discharge, or a combination of those two 
effects, streams and springs can be reduced in flow or completely dried up. Removal of water 
from storage is referred to as “mining” or “overdraft,” and some water is always mined before a 
new equilibrium is achieved after the addition of a stress such as human extraction through wells 
(Theis, 1940). In the extreme, if all water is removed from storage, a groundwater basin could be, 
for practical purposes, depleted. A challenge for integrated groundwater management is to 
understand the sources of water where extraction is planned and to appropriately account for the 
deficiencies caused by extraction. 
Second, in the 100 years since Lee’s work, the concept of what is an undesired result has 
evolved significantly. Meinzer (1923), in the decade following Lee’s work, in fact did not indicate 
specific undesired results, but rather defined safe yield as “…the rate at which water can be 
withdrawn from an aquifer for human use without depleting the supply to such an extent that 
withdrawal at this rate is no longer economically feasible.” At that time, as noted by Reilly and 
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co-workers (Reilly et al., 2008), indoor plumbing was not widespread in the United States and 
the population was dispersed. It was natural, then, that the feasibility of future human 
consumption would guide concepts of preserving future use. Another widespread attitude of those 
times was that water flowing to springs or lost to evapotranspiration was “wasted” (Lee, 1915). 
More recently, ecosystem health has been recognized as an important consideration for current 
and future use, and the dialogue has shifted from a concept of “safe yield” to one of 
“sustainability” (Alley and Leake, 2004). Sustainable development was coined as part of the 
development that “…meets the needs of the present without compromising the ability of future 
generations to meet their own needs.” (World Commission on Environment and Development, 
1987). This broad definition is meant to encompass not only the economic needs of future 
generations but also the health of the ecosystems they depend upon. When viewed in this 
framework, groundwater use must be balanced not only with the ability of an aquifer to continue 
supplying water to wells for human consumption but also with the capacity to maintain discharge 
to surface water, phreatophytic vegetation— a deep-rooted plant that obtains a significant portion 
water that it needs from the phreatic zone or from the capillary fringe above the phreatic zone—, 
and other habitats that make up the ecosystems surrounding and connected to the groundwater 
system. 
It is clear that managing groundwater in a way that does not deplete the source of water or 
displace water from all dependent ecosystems—including humans—is a technical challenge. 
Some impact is inherent in the disruption of natural equilibrium through human activity—the 
challenge is to establish an agreed-upon acceptable level of disruption. Pierce et al. (2012) 
propose a continuum approach that balances socioeconomic, ecosystem, and sustainability 
constraints. Recently, Werner et al. (2013b) evaluated and ranked occurrences of mega storage 
depletion worldwide in terms of physical processes and the importance of the resource. Such 
nuances in definition and approach can pose challenges in coming to agreement among 
stakeholders (Llamas, 2004), but the result of concurring on a definition and approach is much 
better management of the resource, tailored to the specific environmental and socio-economic 
needs of a specific area. Giordano (2009) highlights this complexity noting that groundwater 
mining in Libya and Saudi Arabia, although unsustainable by most strict definitions, may provide 
socio-economic benefit with little or no ecological impact that outweighs the downside of 
acknowledged depletion that is taking place.  
By taking into account water quality, aquifer salinisation, risk of sea water intrusion, and 
subsidence issues, Konikow and Kendy (2005) described depletion as a physical process that 
renders reduction in the total or usable volume of the resource. Thus, depletion leads to 
consequences realized or perceived to be negative for the current and future use of the resource. 
Consequences of depletions such as salinisation can be substantial, because it is commonly very 
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time and resource expensive to bring a degraded aquifer back to its natural state. Further, some 
impacts—such as subsidence—can be irreversible (Zektser et al., 2005). 
Today’s nuanced understanding of differences in source from recharge, discharge, and 
storage is generally well documented and supported in the scientific literature. Yet, the water 
budget myth persists where science meets policy because it is much simpler to use a single 
metric—“recharge” —to regulate how much water may be extracted from an aquifer without 
undesired consequences without regard to the importance of timescale (Harou and Lund, 2008). 
Many of the metrics available to document depletion must pass over these nuances to apply at a 
large scale and still rely on balancing recharge with human extraction – including metrics referred 
to in this chapter. Although the concept of sustainability has made its way into the dialogue 
through acknowledgement that ecological flows should be maintained, the recommended solution 
still often seems to be regulating pumping rates at less than or equal to recharge rates (Beck, 2000; 
ASCE, 2004). 
2.3.1 Groundwater depletion globally  
Groundwater demands for consumptive and environmental uses are expected to grow, 
while supplies will remain constrained by unsustainable use of the aquifers. In the last five 
decades, economic gains from groundwater use have been substantial, but they have been realized 
at high social and environmental costs (Custodio, 2002; Birol et al., 2010). Groundwater levels 
in many places have already dropped and are further dropping in response to excessive extraction. 
Adverse effects of overdraft have been observed in many places in the forms of reduced flows in 
streams and wetlands, stream-aquifer disconnection, water quality degradation through intrusion 
of saline or poor-quality surface or groundwater, reduced availability of groundwater for 
consumptive uses, land and aquifer subsidence, and increased costs of pumping. Recent studies 
have also quantified the contribution of groundwater depletion to sea level rise, accounting for as 
much as 13% in recent years (Konikow, 2011; Wada et al., 2012). 
Subsidence of land and aquifers, due to over-extraction of groundwater, has resulted socio-
economic and environmental problems in many countries. The most common phenomenon 
causing land subsidence is excessive withdrawal of groundwater, which causes decline 
of the water levels and a subsequent decrease in water pressure in the aquifer, leading to 
compaction of aquifers and sinking of ground surface (Galloway and Burbey, 2011). Land 
subsidence can be both a gradual downward movement of the ground surface or a sudden 
sinking of a discrete segment of the ground surface. The cases of land subsidence, due to 
excessive groundwater withdrawals, in Italy, Japan and the USA are reported in Poland 
(1984). Aquifer subsidence can result in a permanent loss of storage space in aquifers. In 
the San Joaquin Valley, California, the land subsidence due to over- withdrawal of 
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groundwater has caused a differential change in elevation of the land surface which has 
increased the cost of construction and maintenance of water-transport structures, 
including canals, irrigation and drainage systems. In addition hundreds of irrigation wells 
failed between 1945 and 1970 due to compressive rupture of well casings caused by the 
compaction of the aquifers. Costs of water transport structures and well repair and 
replacement due to subsidence have been many millions of dollars (Poland 1984).  
2.3.2 Global estimates of groundwater extraction 
Giordano (2009) reported global groundwater extraction in excess of 650 km3 per year 
(Figure 2.1) with India, the United States, China, Pakistan, Iran, Mexico, and Saudi Arabia 
collectively accounting for 75% of the global annual water extraction. 
 
Figure 2.1 : Groundwater use by country (km3 per year) 
Adapted from Giordano (2009) 
 
Analysis reports of GRACE (Gleeson et al., 2012) indicated an approximate doubling of 
global groundwater extraction between 1960 and 2000. From 1960 to 2000, global groundwater 
annual extraction increased from 312 km3 in 1960 to 734 km3 in 2000. Major hot spots of 
depletion were observed in arid and semiarid parts of the world, mainly resulting from high 
population density, heavy reliance on groundwater, little and highly variable rainfall that 
generates quick runoff, and low rates of natural recharge. For sub- humid and arid parts of the 
world, (Wada et al., 2010), prepared a global map of groundwater depletion by calculating the 
difference between global groundwater recharge and groundwater extraction for the year 2000. 
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Hot spots of groundwater depletion were reported in the northwest of India, northeast of China, 
northeast of Pakistan, and in the High Plains and California Central Valley aquifers in the United 
States. Other countries where depletion was significant included parts of Iran, central Yemen, and 
southern Spain. The total global groundwater depletion in those areas was reported as 283 (±40) 
km3 per year (Wada et al., 2010). Using an index based approach, Werner et al. (2013b) reported 
mega storage depletion cases around the world from more than 50 published sources. The largest 
depletion indices were reported for China, Spain, and the United States.  
2.3.3 Global depletion examples  
Depletion is typically measured by decreases in groundwater levels and decreases in base-
flow in surface water bodies that are connected to aquifers. Regions where depletion has been 
significant, as quantified through the best available scientific information, include south and 
central parts of Asia, North China, the Middle East and North Africa, North America, parts of 
Australia, and many localized areas in southern Europe. In the United States, about 700–800 km3 
of groundwater has been depleted from aquifers in the last 100 years (Konikow and Kendy, 2005). 
In the Fuyang River Basin in the North China Plain, the water surface has dropped from 8 m to 
50 m during 1967–2000 (Shah et al., 2000). In India, consumptive uses are depleting the 
groundwater reserves of Rajasthan, Punjab, and Haryana at a rate of or 17.7 ± 4.5 km3/yr. 
Similarly, a volume of 143.6 km3 of groundwater was depleted during the period 2003 to 2009 in 
the north-central Middle East, including portions of the Tigris and Euphrates River Basins and 
western Iran (Voss et al., 2013). 
The next section provides an overview of the major depletion examples; the cases 
discussed are representative and not an exhaustive inventory of the global depletion cases. More 
details of the global depletion cases can be found in Konikow (2011), Morris et al. (2003), Wada 
et al. (2010) and Werner et al. (2013b). 
2.3.3.1 High plains aquifer, United States 
In the United States, 60% of irrigation relies on groundwater. The High Plains (HP) aquifer 
is one of the largest freshwater groundwater systems in the world, covering eight states and 
encompassing over 450,000 km2 in area. The HP aquifer is the most intensively used aquifer in 
the United States, responsible for nearly one-third of the total groundwater extraction, and it 
provides drinking water to nearly 2.3 million people residing within the boundaries and vicinity 
of the aquifer system (Dennehy et al., 2002). Groundwater is considered as the major economic 
driver for the HP region, known as the “breadbasket of the United States” and annually 
contributing US $35 billion of the US $300 billion in national total agricultural production in 
2007 (Scanlon et al., 2012b).  
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On the basis of groundwater monitoring data from 1950 to 2007 from 3600 wells, Scanlon 
et al. (2012b) estimated that 330 km3 of groundwater was depleted from the HP aquifers. This 
storage decline in the HP aquifer accounts for nearly 36% of the total groundwater depleted in the 
United States during 1900–2008 (Scanlon et al., 2012a). If the depletion were assumed to be 
uniform throughout the HP aquifer, the corresponding drop in water surface over the entire HP 
region would be 4 m. 
The effects of depletion in terms of water surface decline are highly variable spatially. For 
example, recent groundwater monitoring from GRACE, Scanlon et al. (2012c) indicate almost 
negligible depletion and water surface decline in the northern HP (Nebraska, 0.3 m), concurrent 
with much greater decline in the water surface in the central HP (Kansas, 7 m) and southern HP 
(Texas, 11 m). In localized pockets of the southern HP and large areas of Kansas and Texas, a 
decline of more than 30 m was observed over 17,000 km2, where the ratio of the rates of extraction 
to natural recharge was found to be 10 and greater. Large variation in the depletion is primarily 
due to a decrease in natural recharge from north to south but partially due to the amount of water 
pumped from the aquifer. A common view of the HP aquifer is that it contains old water that has 
been mined and depleted continuously since the 1950s. Groundwater age dating indicates that 
some of the fossil water in the central and south HP aquifer was recharged as long ago as 13,000 
years. 
2.3.3.2 North-western India 
India has become the largest consumer of groundwater at the global scale with an estimated 
total annual consumption of 230 km3 per year, or about one-fourth of the total global groundwater 
extraction annually. The annual replenishable groundwater resources of India are estimated as 
433 km3, with net availability of 399 km3 (Chatterjee and Purohit, 2009). India’s apparent 
groundwater surplus can be misleading because of large variation across regions in terms of 
groundwater availability and extraction, as well as natural recharge. This imbalance of pumping 
and natural recharge has placed several aquifers in a state of overexploitation and many under 
semi-critical and critical categories (Rodell et al., 2009). 
Production returns from groundwater irrigation are almost twice those of surface water 
irrigation because of high reliability and cheaper access. About 70% of India’s agricultural 
production is generated through use of groundwater (Fishman et al., 2011). The economic value 
of groundwater irrigation in India in 2002 was estimated at US $8 billion annually (World Bank, 
2010). Groundwater is a primary source of drinking water supplies for rural villages and a 
growing number of urban areas. A major portion (85%) of rural drinking water supplies in India 
comes from groundwater.  
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The exploitation of groundwater in many states of India has expanded over the last five 
decades through installation of millions of irrigation wells (Shah, 2009) and the scale of resource 
exploitation has accelerated in the last two decades. The number of tube wells was less than a 
million in 1980, jumped to 8 million in the mid-1990s, and exceeded 15 million by 2010 (Shah et 
al., 2012). In addition to cheaper pumps and low well installation costs, electric power subsidies 
to farms have played a pivotal role in the phenomenal growth of tube wells and overexploitation 
of groundwater in 16 major states of India. The flat power tariff reduced the marginal cost of 
pumping groundwater to near zero (Shah et al., 2012). 
Because of the heavy reliance on groundwater for consumptive uses in India, the resource 
is now approaching to its critical limit in some states. The national groundwater assessment in 
2004 indicated one-third of India’s aquifers fall in the overexploited, semi critical, or critical 
categories (Rodell et al., 2009). An increasing number of aquifers in north western India have 
reached unsustainable levels of exploitation. In the northern state of Punjab, groundwater in 75% 
of the aquifers is overdrawn; in the western Rajasthan state, the corresponding fraction is 60% 
(Rodell et al., 2009; World Bank, 2010). In India the potential social and economic consequences 
of groundwater depletion are serious because aquifer depletion is concentrated in densely 
populated and economically productive areas. The implications can be serious for achieving food 
security and sustaining economic growth and environmental quality. 
2.3.3.3 North-eastern China 
In China, significant shifts toward groundwater dependency have occurred over the last 50 
years. The installation and use of tube wells across China has increased dramatically, from 
150,000 in 1965 in all of China to 4.7 million by the end of 2003 (Wang et al., 2007). In many 
parts of the country, groundwater levels have been falling at astonishing rates, often more than 
one to tens of meters per year. Overdraft occurs in more than 164 locations across 24 of China’s 
31 provinces, affecting more than 180,000 km2 (Werner et al., 2013b).  
Aquifers of the North China Plain (NCP) play a central role in China’s food production. 
The region supplies nearly half of China’s wheat and one-third of other cereal grains. The NCP 
covers 320,000 km2 and is home to more than 200 million people. In the NCP, groundwater 
overexploitation for agricultural, industrial, and urban uses began in the early 1970s and became 
a serious problem after the 1980s with more intensive groundwater extraction. The negative 
impacts of overexploitation became evident during the 1990s in many parts of the NCP with rapid 
declines in water levels in both unconfined and confined aquifers. Cones of depression in the 
potentiometric surface have developed and expanded, with decreases in storage causing 
subsidence and water quality degradation associated with water surface declines. Groundwater 
depletion has led to seawater intrusion into the freshwater aquifer system; for example, in the 
coastal plain of Laizhou city,  lateral sea water intrusion to the fresh aquifer system has increased 
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from 50 m per year in 1976 to more than 404.5 m per year  in 1988 (Changming et al., 2001). 
Groundwater depletion has salinized 44 percent of the total area between the coastal plain and the 
city. The Chinese government has implemented a series of water-saving initiatives such as water 
efficiency in irrigation techniques, water pricing and groundwater licensing, and similar 
measures. However, the lack of information on volumetric groundwater extraction and limited 
groundwater monitoring networks make groundwater management challenging. 
2.3.3.4 Middle East and North Africa (MENA) 
From the standpoint of declining water availability, the Middle East and North Africa 
(MENA) region is considered by many to be the most water-scarce region of the world. The 
MENA countries possess annual renewable water resources of 1,274 m3 per capita—the lowest 
in the world—making the region the most water stressed globally by this metric. MENA is home 
to about 6% of the world’s population, consisting of 22 countries with 381 million people. And 
the population is projected to reach nearly 700 million by 2050 (Droogers et al., 2012). Population 
densities in MENA are largest where irrigation systems are present, including the Nile Delta in 
Egypt, the central part of Iraq, and Iran (Abu Zeid, 2006).  
Countries and small territories in the MENA region such as Bahrain, the Gaza Strip, 
Kuwait, Libya, Oman, Qatar, Saudi Arabia, the United Arab Emirates (UAE), and Yemen have 
few renewable water resources and heavily rely on groundwater and desalination for most of their 
supply. The region has some 2,800 desalination plants that produce about 10 km3 of freshwater 
annually, representing about 38% of global desalination capacity. 
Other countries in MENA such as Egypt, Iraq, Iran, Jordan, Lebanon, the West Bank, 
Sudan, and Syria get much of their water from river systems but at the same time depend on 
groundwater for supplemental use. Aquifers in MENA contain both renewable and fossil water. 
Many countries in the region are depleting groundwater at a rate that exceeds recharge. For 
example, the ratio of annual groundwater extraction to the estimated recharge exceeds 3.5 in 
Egypt, is about 8 in Libya, and is 9.54 in Saudi Arabia (Michel et al., 2012). GRACE data (Voss 
et al., 2013) show that a volume of 143.6 km3 of groundwater was depleted during the period 
2003– 2009 in the north-central Middle East, including portions of the Tigris and Euphrates River 
Basins and western Iran.  
Algeria, Morocco, and Tunisia in North Africa have a high reliance on groundwater for 
irrigated agriculture, with more than 1.75 million ha of farmland and probably more than 500,000 
farm holdings. Algeria’s 88%, Tunisia’s 64%, and Morocco’s 42% of irrigated land rely on 
groundwater resources. More than half the aquifers in Algeria and Morocco and about one-quarter 
of the aquifers in Tunisia are overexploited.  
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2.3.3.5 Australia 
Groundwater resources are of great socio-economic and environmental significance for 
Australia. The Great Artesian Basin (GAB) is the largest groundwater aquifer system in Australia 
and underlies 22% of the Australian continent. The GAB includes considerable areas of the states 
of Queensland, New South Wales, the Northern Territory, and South Australia. Limited available 
information on the potential of the GAB resource indicates that nearly 60,000 km3 of water is 
contained in the GAB. Groundwater in Australia is pumped mainly from unconfined aquifers, and 
there is increasing concern regarding the potential impact of groundwater depletion on the 
sustainability of the resource.  
Because of limited and highly variable surface water availability, groundwater use for 
irrigation has substantially increased in Australia. From the National Land and Water Resources 
Audit (2001), Khan (2008) reported a 90% increase in groundwater use across Australia between 
1985 and 2000. At present, the volumes of water pumped from aquifers are much greater than 
natural recharge (Nevill, 2009). In many parts of Australia, overdraft from the aquifers is resulting 
in falling groundwater levels in the shallow unconfined systems and decreasing groundwater 
pressures in the deep confined and semi-confined systems (MDBA, 2012). Many aquifers in the 
Murray Darling Basin in particular are showing negative socio-economic and environmental 
effects as a result of overdraft from aquifers. In many coastal aquifers, saline seawater has 
intruded to the fresh groundwater aquifers; thus, degradation of groundwater quality is further 
undermining use of the already scarce freshwater resource. A detailed account of saltwater 
intrusion in Australia and elsewhere is provided in (Werner, 2010). 
2.4 Techniques for assessing groundwater depletion 
Data assimilation of water level fluctuation is the most direct and simplest method to 
estimate the volume of water depleted from an aquifer. The technique integrates head changes 
over the aquifer area and multiplies the obtained area by a representative aquifer storage factor to 
yield an estimate of storage depletion. Major challenges confronted by this simple technique are 
to establish large-scale monitoring networks and to collect water level data over large areas at 
regular time intervals. Maintaining a large-scale groundwater data base and keeping the data 
updated are costly and complex tasks. Community data integration—such as the Incorporated 
Research Institutions for Seismology (IRIS, 2013)—combines centralized data serving with 
common data standards. Although Aquastat (FAO, 2013) is an example of serving water 
information internationally, it does not include seamless data integration as does IRIS and has 
limited data on the spatial distribution of groundwater storage and water levels. Particularly in 
developing countries, advances in data integration will enable managers and researchers to work 
with more complete information to assess and manage groundwater resources. 
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Even with the great advances in other techniques discussed in the following paragraphs, 
personal communication with various governmental agencies and ministries remains the most 
robust and definitive method of assessing groundwater levels and, thus, depletion. Efforts at 
personal communication can run up against cultural and language barriers - including the desire 
of some governments to treat water data as strategic and secret (Voss et al., 2013) - and can be 
very tedious and time consuming. Without organizing community efforts and common data 
standards, compiling data on the regional scale often requires many late-night phone calls and 
individual persistence (Fan, 2013). Such long-term individual effort can lead to a snapshot in time 
on conditions at the continental scale (Gleeson et al., 2011) and the global scale (Fan et al., 2013); 
but without a time series, depletion values cannot be easily obtained. This challenge is less acute 
for aquifers that fall under a single government’s management authority but is exacerbated in 
transboundary aquifers. 
In the United States and Canada, efforts have been made to adopt the Groundwater Markup 
Language (GWML, (Boisvert and Brodaric, 2011)) to unify data among agencies and 
organizations within both countries. The First Groundwater Interoperability Experiment (Open 
Geospatial Consortium Inc., 2011) worked toward harmonizing groundwater data across the 
border between the two nations. In the Second Groundwater Interoperability Experiment (Open 
Geospatial Consortium Inc., 2013), Australia and Europe are joining the effort. This progress 
represents steps down a path toward consolidating data and enabling evaluation of conditions on 
a global scale, but large gaps of information still remain for many areas (Fan et al., 2013). 
Even though direct regional groundwater depletion estimates can be integrated to provide 
global depletion estimates, groundwater data collection and data interpretation are subject to a 
high level of inconsistencies across countries and regions. When groundwater data are of 
questionable quality, information generated through such data tends to be less reliable. This is 
why the magnitude of depletion is imperfectly assessed and poorly documented at the global scale 
(Giordano, 2009). The water balance approach uses a number of scientific methods to estimate 
and account for various types of recharge and discharge processes to estimate groundwater storage 
differences and depletion over specific periods. Numerical simulation models based on water 
balance calculations have been helpful to estimate net groundwater removed from an aquifer. But 
the accuracy of the model to predict depletion depends on the quality of hydrogeological data 
provided as input to the model. Recent advances in the development of three-dimensional 
hydrogeological models have made it possible to provide better representation of the aquifers, 
underlying geological formations, and the processes that link the groundwater system both to 
surface water in general and ecological processes specifically. Examples include 
HydroGeoSphere (Therrien et al., 2012), GSFLOW (Markstrom et al., 2008), and MIKE SHE 
(DHI Software, 2012). Three-dimensional modelling enables more detailed estimates of depletion 
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and impact on surface water, but it remains limited by the data. At the continental and global 
scales, models of recharge processes and groundwater flow are typically data-driven, with 
relatively simple treatment of the physics integrated over coarse grids (Scanlon et al., 2006; Wood 
et al., 2011; Cao et al., 2013; Fan et al., 2013).  
In practice, direct measurement of groundwater depletion at the global scale is imperfect. 
The imperfections arise because of insufficient groundwater monitoring data networks and 
inconsistent data collection and reporting standards. Another challenge arises when the depletion 
process is viewed from multiple dimensions, leading to different definitions of the depletion 
process and its estimation. Recently, satellite-based GRACE has been able to more confidently 
measure the changes in groundwater storage over large regions. GRACE measurements are made 
by measurement of the Earth’s gravity, detected from the distance between two coordinated 
satellites that are generally separated by about 220 km (Tapley et al., 2004). Small changes in 
gravity on short timescales are generally a function of changes in water storage (underground, on 
the surface, and in the atmosphere), so quantification of gravity changes can be converted to 
estimates of water storage changes (Ramillien et al., 2008). Parsing of water content among 
groundwater, snow, the atmosphere, and surface water requires some processing that differs for 
various locations and scales (Longuevergne et al., 2010; Scanlon et al., 2012d). Although not a 
replacement for direct measurement of groundwater storage, GRACE observations have the 
potential to extend estimates of storage over time, although only back as far as the 2002 launch 
of the GRACE satellites. Rates of storage depletion in important groundwater-stressed regions 
have been made using GRACE, including the High Plains of the United States (Scanlon et al., 
2012b), India (Rodell et al., 2009), and the Tigris, Euphrates, western Iran region in MENA (Voss 
et al., 2013). 
2.5 Contamination of groundwater  
Water in nature, on the surface or underground, is never free from impurities and typically 
contains many dissolved and suspended constituents (salts, other inorganic and organic 
chemicals, sediments, and microorganisms). Contamination of a water body or an aquifer occurs 
when the concentration of one or more substances increase to a level such that the resulting water 
quality undermines the use of resource and, in some instances, becomes a hazard to the 
environment and a risk to human, animal, or plant life (Morris et al., 2003). The principal causes 
of groundwater contamination due to human activity can be classed as agricultural, industrial, and 
urban (Foster et al., 2002). Human activity can add salts, chemicals, and microorganisms 
(pathogens) that affect quality of groundwater.  
This section provides an overview of major issues and concerns related to contamination 
of groundwater. Here, the significance of the widespread groundwater contamination problem is 
highlighted with relevant examples. Three groundwater contamination examples and their effects 
 23 
are summarily discussed: (i) land and aquifer salinisation, (ii) contamination due to chemicals, 
and (iii) contamination due to microorganisms. 
2.5.1 Land and aquifer salinisation 
Salinisation of land and water is a widespread phenomenon that is an issue in more than 
100 countries, including China, India, and the United States. Current global estimates indicate 
that over 1 billion ha of land is affected by various degrees of soil salinisation (Shahid, 2013). 
Globally 45 million ha (18%) of the total 230 million ha of irrigated land are negatively affected 
by irrigation-related salinity (Ghassemi et al., 1995), which can result from a high water table, 
poor drainage conditions, and use of saline-brackish water for irrigation with insufficient 
drainage.  
The Indus Basin of Pakistan is an example of a region severely affected by land and aquifer 
salinisation problems that resulted from continuous irrigation without sufficient drainage. It is 
estimated that out of the total 16.3 million ha of irrigated land in Pakistan, about 6.2 million ha 
(38%) have become waterlogged, with water table levels of < 1.5 m below the surface; 
additionally, 2.3 million ha (14%) have become saline, with soil ECe (soil saturated extract) > 4 
dS/m (Kahlown and Azam, 2002).  
- Land salinisation 
Salinisation is a characteristic of soil and water which relates to their water-soluble salt 
content. Such salts predominantly include sodium chloride, but sulphates, carbonates and 
magnesium may also be present. A saline soil is one which contains sufficient soluble salts to 
adversely affect plant growth and crop production. Waterlogging and salinity have been persistent 
problems in many irrigation regions of the world. Irrigation water normally contains salts in the 
range of 300–500 mg/l (IWMI, 2007). A simple calculation shows that in, the absence of effective 
leaching, an annual irrigation of 1,000 mm with good quality irrigation water and with salt content 
as low as 300 mg/l adds 300 kg of salts per hectare of irrigated land in a single year. Rainwater, 
which is considered a source of pure water, can also become a source of salt addition to aquifers 
and land. Raindrops, during their brief residence in the atmosphere, dissolve carbon dioxide to 
form a weak carbonic acid. During infiltration, the weak carbonic acid reacts with minerals and 
rocks in the soil to dissolve them more readily to become a source of salt in aquifers (Hillel, 2000). 
Changes in properties of soil and water lead to the development of an environment which 
deteriorates soil and water quality.  
Waterlogging, another major problem in irrigated land, is the saturation of soil particles 
with water that results from the rising of the water table due to over irrigation, seepage, or 
inadequate drainage. Salinisation, however, is a process that increases the concentration of salts 
in water or soil beyond a threshold limit; that is, ECe in excess of 4 dS/m at 25° C (Hillel, 2000). 
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The processes of waterlogging and salinisation, although different in their characteristics, usually 
occur together and adversely affect water quality and crop yield.  
- Aquifer salinisation 
Mixing of saline water with freshwater is a frequent cause of aquifer salinisation in many 
coastal regions (Werner et al., 2013a). Coastal aquifers are more vulnerable to groundwater 
extraction because of high population densities and predicted sea-level rise (Ferguson and 
Gleeson, 2012). Coastal areas are the most densely populated areas in the world, with 8 of the 10 
largest cities of the world located at coastlines. Nearly half of the world’s population resides in 
coastal areas (Post, 2005), and coastal aquifers provide a water source for more than 1 billion 
people.  
In most cases, coastal aquifers are hydraulically connected to seawater. Under natural 
conditions, the hydraulic gradient (in part, a function of the density variation of the seawater and 
freshwater systems) maintains the net water flow from the freshwater aquifer towards the sea. 
However, the gradient is usually small, and any excessive groundwater pumping can alter the 
hydraulic balance and allow seawater to enter and replace the freshwater pumped out from the 
aquifer (Werner et al., 2013a). The quality of groundwater aquifers can also be adversely affected 
by pumping if interlink connections exist between brackish or saline water. Additionally, a low 
rate of natural groundwater recharge in combination with sea-level rise can introduce and 
accelerate movement of saltwater into freshwater aquifers, although Ferguson and Gleeson (2012) 
found that the impact of groundwater extraction on coastal aquifers was more significant than the 
impact of sea-level rise or changes in groundwater recharge.  
The overall impact of the saline water intrusion highly depends on the amount of the 
extraction and natural groundwater recharge. Incorrect positioning of well fields can accelerate 
the problem. Climate change is expected to exacerbate many water resource problems, but the 
impact of seawater intrusion may be much more serious and widespread because many areas with 
moderate population densities and water demand are expected to experience saltwater intrusion. 
Seawater intrusion has affected groundwater quality in major coastal irrigation regions 
around the globe where pumping has destabilized the hydraulic equilibrium of the aquifers. 
Coastal regions such as Queensland in Australia, Florida in the United States, the southern 
Atlantic coastline of Spain, and Lebanon are among the most highly visible and notable cases 
where saltwater has intruded into coastal aquifers. Other problem areas in the United States 
include Cape May County in New Jersey and in Monterey and Orange Counties in California 
(Barlow and Reichard, 2010). Similarly, in the western State of Sonora in Mexico, seawater has 
intruded approximately 20–25 km inland, forcing the closure of irrigation wells. Likewise in 
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Cyprus, Egypt and Israel, exploitation of groundwater resources for irrigation has lowered 
aquifers’ hydraulic heads to allow seawater intrusion. 
In the Burdekin coastal region of Queensland, Australia, more than 1800 wells are 
currently used for irrigation. The large volumes of groundwater extracted have at times lowered 
the regional water surfaces and made it challenging to control seawater intrusion (Narayan et al., 
2007). To confront long droughts, future use of groundwater is likely to increase in Australia. 
This growing use of groundwater will stress the aquifers already in deficit. Thus, saltwater 
intrusion will become more challenging because of the extensive coastlines where the majority of 
the population resides.  
2.5.2 Groundwater contamination due to chemicals  
Fertilizers, pesticides, and salts contained in irrigation water can be major agricultural 
contaminants. Excessive irrigation drives water from the root zone of crops to the groundwater 
below (Chowdary et al., 2005), carrying with them applied fertilizers and pesticides and their 
component nitrogen compounds, phosphorus, potassium and other minerals and chemical 
compounds (Langwaldt and Puhakka, 2000). Because of the widespread areal extent of these 
contaminants, they are often referred to as “nonpoint-source” contaminants. 
Industrial wastes contain a wide variety of heavy metals and solvents. A recent study by 
Dwivedi and Vankar (2014) reported contamination of groundwater potentially from industrial 
sources (tanning, textile, and several others) in the Kanpur-Unnao district of India. Concentrations 
of cadmium, cobalt, chromium, copper, mercury, nickel, lead, tin, and zinc were found to exceed 
the maximum permissible limit. When chemical releases occur at specific facilities, they are 
referred to as “point-source” contaminants. 
The accidental spillage and leakage of industrial chemicals can also cause serious 
groundwater contamination (Foster and Chilton, 2003a). Subsurface releases of MTBE (methyl 
tertiary-butyl ether) can be a source of groundwater contamination. MTBE is a gasoline fuel 
additive that can leak from gasoline underground storage tanks and contaminate aquifers and 
wells. In the United States alone, releases of gasoline fuels has been reported at more than 250,000 
sites,  putting over 9,000 municipal water supply wells at risk of contamination with MTBE 
(Einarson and Mackay, 2001). Synthetic micro-organic compounds, also known as emerging 
organic contaminants (EOCs), are another and new source of groundwater contamination reported 
across Europe and many other parts of the world (Lapworth et al., 2012). EOCs are used for a 
range of industrial purposes including food preservation, pharmaceuticals, and healthcare 
products (Lapworth et al., 2012). Public health and environmental impacts of EOCs in 
groundwater are currently under-researched areas. 
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Arsenic and nitrate are two major contaminants with serious public health impacts. High 
concentrations of arsenic in groundwater have been recognized as a major public health concern 
in several countries and often are the result of natural conditions rather than human activity. The 
contamination of groundwater by arsenic in Bangladesh has been called the largest poisoning of 
a human population in history (Smith et al., 2000). An estimated 36 million people in the Bengal 
Delta alone (Bangladesh and India) are at risk of drinking arsenic-contaminated water 
(Nordstrom, 2002). Long term exposure of arsenic in drinking water and its impacts on human 
health are documented in Ng et al. (2003). Geochemical processes in the presence of oxygen 
dissolve arsenopyrite (FeAsS), this leads to increase the concentrations of dissolved arsenic in 
groundwater. Oxidation can be a major driver to mobilize arsenic already present in aquifer rocks 
and can be promoted as a result of recharge by oxygenated waters or through lowering of the 
groundwater surface by excessive pumping (Nordstrom, 2002). Chemical reactions among 
nitrate, iron, and oxygen can also increase mobilization of arsenic in aquifers (Höhn et al., 2006). 
The incidence of high concentrations of arsenic in drinking water is significant in Asian countries. 
The problem was initially detected in Bangladesh, India, and China. Most recently, the problem 
has been reported in Myanmar, Cambodia, parts of Europe, the United States, and Australia. A 
global summary of arsenic contamination of groundwater is available in Ravenscroft et al. (2011) 
and Mukherjee et al. (2006). 
Nitrate contamination of groundwater is a widespread and global problem both in 
developed and developing nations. Excessive application of commercial fertilizers or animal 
waste and inadequate waste disposal of municipal and animal waste are associated with this 
problem. High concentrations of nitrate in municipal groundwater (10–50 mg/l) is considered a 
public health hazard. Nitrate contamination of groundwater due to agrochemicals has become a 
serious problem in China and India (Foster and Chilton, 2003b). A detailed review of nitrate 
contamination of groundwater and its health impact is available in Spalding and Exner (1993) and 
Canter (1997). 
2.5.3  Groundwater contamination due to microorganisms 
Microbial contamination of groundwater can be caused by inadequate protection of 
aquifers against release of sewage effluent into groundwater. Contamination of groundwater can 
occur via many pathways, such as from urban landfills in proximity to natural groundwater 
recharge sites, rural on-site sanitation facilities, leaking septic tanks and sewers, and waste from 
farm animals. The concentration of many harmful microorganisms attenuates (naturally reduces) 
when water passes through the unsaturated zone; however, the degree of pathogen removal 
depends on the type of soil, level of contamination, and type of contaminant. Natural attenuation 
generally is most effective in the unsaturated zone, especially in the top soil layers where 
biological activity is greatest (Morris et al., 2003). 
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Several viral and bacterial pathogens present in human and animal waste contaminate 
groundwater and cause human health problems. In 2012, more than 500,000 diarrhoea deaths 
were estimated to be caused by microbial contaminated drinking water (Prüss-Ustün et al., 2014). 
Baldursson and Karanis (2011) give a comprehensive review of worldwide waterborne disease 
outbreaks that occurred and were documented between 2004 and 2010. Similarly, a recent study 
based on a systematic review by Ngure et al. (2014) provides a global assessment of drinking-
water microbial contamination. All incidence of waterborne diseases cannot be attributed to 
groundwater, because microbial contamination of water can occur in surface water bodies and in 
water mains and distribution pipes. However, a significant fraction of waterborne disease 
outbreaks may be associated with groundwater, given that more than 50% of population 
worldwide meet their primary drinking needs from groundwater that may be contaminated at 
some stage (Macler and Merkle, 2000).  
2.6 The water-energy nexus 
Water and energy are inextricably linked in many important ways. Water is used in the 
generation of energy, and energy is required for the movement and treatment of water. This 
linkage results in multiple management challenges. 
The movement of water requires a significant portion of all energy generated worldwide. 
In California (United States), 19% of all electrical energy produced is used for water-related 
conveyance and treatment (Navigant Consulting Inc., 2006)—nearly 2% of all electrical energy 
in California is used for groundwater extraction through pumping (GEI Consultants/Navigant 
Consulting Inc., 2010). Such energy requirements account also for significant contributions to 
greenhouse gas emissions, estimated as 0.6% of China’s emissions (Wang et al., 2012) and 4–6% 
of India’s emissions (Shah et al., 2012). These energy requirements increase with the distance the 
water must be lifted (depth to water) and decrease with pump efficiency. Hence, declining water 
levels will increase energy requirements for groundwater pumping unless offset by increased 
pump efficiency. This increased energy demand for pumping is exacerbated in India by 
government subsidies for electrical power for the purpose of groundwater extraction (Badiani et 
al., 2012) 
In addition to energy use for water movement and treatment, groundwater plays an 
important role in the generation of energy—particularly the production of alternative energy such 
as biofuels (Dominguez-Faus et al., 2009; Gerbens-Leenes and Hoekstra, 2012). Significant water 
is used both in the growing of feedstock to create ethanol and in the distillation of the feedstock 
into fuel. In the United States, governmental mandates require that ethanol from corn (maize) will 
continue into the future (Dominguez-Faus et al., 2009), although a wide range of water footprint 
calculations suggest that efficiencies may be found that could reduce groundwater extraction 
needs for irrigation and distillation (Dominguez-Faus et al., 2009; Gerbens-Leenes and Hoekstra, 
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2012). Other alternative energy technologies can have surprising energy implications. 
Concentrated solar power generation on a large scale in desert environments can require large 
amounts of water for cooling and washing (Woody, 2009; McKinnon, 2010). In the United States, 
the National Research Council (2012) has also studied production of biofuel from algae, raising 
questions about sustainability. 
In recent years, unconventional drilling for shale gas and coal bed methane—particularly 
in the United States, China, and Australia—has increased dramatically (Moore, 2012; Vidic et 
al., 2013). Improvements in the accuracy of horizontal well drilling, coupled with hydraulic 
fracturing, have made it practical to extract methane from thin, deep and tight strata. These 
advantages, coupled with increasing energy demand, have resulted in massive expansion of 
exploitation of these unconventional gas reserves. Hydraulic fracturing uses a large amount of 
water for short periods of time, resulting in competition with other water users—particularly in 
arid regions like the Eagle Ford Formation in Texas (United States). Hydraulic fracturing also 
uses a variety of chemical additives in the process. Some water contaminated with these additives 
returns as flow-back water and must be disposed of, leading to a potential groundwater 
contamination source (Vidic et al., 2013). One concern is that methane liberated by the hydraulic 
fracturing process and additive chemicals could migrate to shallow aquifers or the surface. A 
recent study (Myers, 2012) attempted to address this issue and prompted discussion and criticism 
(Saiers and Barth, 2012; Cohen et al., 2013; Myers, 2013), highlighting the level of uncertainty 
about the degree and nature of potential contamination from this activity. Further research in the 
field and though modelling is necessary for understanding of the depth and breadth of potential 
groundwater impacts to catch up with the rapid increase in development of unconventional gas 
resources (Jackson et al., 2013). 
2.7 Transboundary water conflict 
Most of the literature discussing transboundary water conflict has focused on surface 
water. Groundwater conflict has received less attention. However, owing to both “uncertainty in 
defining groundwater flow…[and]…uncertainty of the hydraulic connection between 
groundwater and surface water” (Jarvis et al., 2005) and combined with increasing water usage 
needs - particularly for agricultural irrigation (Llamas and Martinez-Santos, 2005) - it seems that 
serious conflict over transboundary groundwater resources may be inevitable. This condition is 
exacerbated by a lack of regulation and management of groundwater, which is often blamed on 
the same uncertainties surrounding the quantity and dynamics of groundwater at the regional scale 
(Puri, 2003; Jarvis et al., 2005; Llamas and Martinez-Santos, 2005). Several conceptual models 
can apply to transboundary aquifers, including cases where the source of water to the aquifer is 
in one country but the main demand is in another (for example, (Eckstein and Eckstein, 2005). 
Transboundary aquifers meeting these definitions number as many as 408 (UN-IGRAC, 2012). 
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Using analysis similar to the groundwater footprint (Gleeson et al., 2012a), Wada and Heinrich 
(2013) performed a quantitative assessment of water stress (considering recharge, extraction, and 
environmental flows) for the 408 identified transboundary aquifers and determined that 8% of 
them are stressed by human consumption. They point out, however, that many of these 
transboundary aquifers are found in geopolitically charged areas such as the Arabian Peninsula, 
the United States - Mexico border, and India and Pakistan.  
In one example of this type, the Ceylanpinar aquifer spans the border between Turkey and 
Syria, with recharge in the Turkish headwaters and the majority of discharge in the Ras al-Ain 
Springs in Syria (Oeztan and Axelrod, 2011). Data availability is asymmetric, with much more 
information available about conditions in the aquifer in Turkey than in Syria. Nonetheless, Oeztan 
and Axelrod (2011) modelled the aquifer to try to calculate sustainable extraction rates based on 
discharge from the springs. Mutually beneficial organic agriculture along the border that 
previously was un-farmable, due to extensive placement of landmines, is proposed but would first 
depend on cooperation with respect to hydrogeologic and water use information. Joint 
management to prevent over-depletion requires collaboration, which may be at odds with other 
priorities of neighbouring countries. 
Beyond water quantity, water quality concerns can arise when contaminants enter an 
aquifer under a different governance than that of the users of the aquifer; for example, such as 
bordering north-eastern Greece (Vryzas et al., 2012) and Russia (Zektser, 2012). Similar 
challenges as facing depletion problems are encountered in managing water quality. The parallel 
challenges of establishing responsibility for contamination and finding the motivation to 
remediate it can present opportunities for constructive collaboration but also may heighten tension 
in some areas. 
In modern times (1948–present), no full-scale declarations or acts of war have been 
attributed to the tension related to the use of transboundary water (De Stefano et al., 2010). This 
is contrary to predictions stemming from at least the 1980s onward that major wars - particularly 
in the Middle East - would be fought over water because of stress over increasing demand for 
water resources due to increasing population, climate change, and depletion of water sources (see 
Cooley (1984) and Starr (1991), for example). It is still possible for this to happen, and indeed 
tensions and local violence have been attributed to water conflict, but thus far full-scale war has 
not resulted with the exception of the war between Sumerian city-states Lagash and Umma in 
2500 BC (Wolf, 1998). Although a somewhat controversial notion, it has been argued that 
interactions among states involving water more often, of necessity, lead to cooperation than 
conflict (Wolf, 2007; De Stefano et al., 2010). 
 30 
In summary, transboundary aquifers present many challenges in integrated management. 
The connection between surface water and groundwater are all the more important because the 
source of water and the water’s users (human or ecological) may be in different countries. Data 
sharing and integration are more challenging across national borders but are extremely important 
to reduce the uncertainties surrounding integrated management. An additional challenge is that 
protection of water resources in one country may depend on the actions taken in another country. 
This binding together for a common purpose provides the opportunity for cooperation but may 
also devolve into conflict. For these reasons, active management and communication are key to 
managing water resources across boundaries. 
2.8 Role of Managed Aquifer Recharge in Integrated Water 
Resources Management 
This section describes the role of managed aquifer recharge in integrated water resource 
management. Managed aquifer recharge (MAR) is the purposeful recharge of water to aquifers 
for subsequent recovery or for environmental benefit (Dillon et al., 2009b). MAR may be used to 
replenish depleted aquifers, in association with demand management strategies to bring aquifers 
back into hydrologic equilibrium while minimising adverse impacts on livelihoods of irrigation 
communities. A series of examples from India and Australia are shown in Dillon et al. (2009c) 
that illustrate coupling MAR with demand management to achieve groundwater supplies with 
aquifer storage. Managed aquifer recharge augments groundwater with available surface water 
and acts alongside conjunctive use of surface waters and groundwater to sustain water supplies 
and achieve groundwater and surface water management objectives such as protection of 
ecosystems. 
There are many examples around the world that demonstrate the value of managed aquifer 
recharge. India leads the world in recharge enhancement with about 3km3/yr almost exclusively 
to unconfined aquifers through infiltration structures to help sustain groundwater supplies 
predominantly for agriculture and increasingly in urban areas. This volume does not keep up with 
groundwater storage depletion in northern India, but does help to prolong the resource and allow 
a window of opportunity for adaptive management. Water quality is rarely intentionally managed 
so it can be claimed that this is not yet fully managed aquifer recharge. The same can be said for 
many parts of the world where untreated sewage and industrial effluent and stormwater are 
allowed to infiltrate and contaminate aquifers and diminish the useable resource. If appropriately 
treated, this water would have supply benefits as well as environmental and health improvements. 
Rooftop rainwater and urban stormwater have been recharged in Australia, Germany, 
India, Jordon, USA and in many locations with permeable soils or karstic aquifers. There is now 
a progression underway from uncontrolled disposal via sumps, basins, wells and karst features to 
managed aquifer recharge through implementing measures to improve and protect water quality. 
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In coastal locations in California, China, and Bangladesh replenishment of aquifers using 
injection wells has protected urban and irrigation supplies from salinisation and in some places 
has been claimed to assist in mitigating against land subsidence. Treated sewage effluents have 
been used to augment and secure groundwater supplies in Australia, Belgium, Germany, Israel, 
Italy, Mexico, Namibia, South Africa, Spain, USA and elsewhere.  Desalinated water is also used 
in UAE and USA for recharge, primarily to build secure reserves of mains water. In a few 
locations groundwater from one aquifer is stored in another to secure supplies. 
Riverbank filtration is another widespread technique to improve water quality and security 
of drinking water supplies. Being a low energy method for water treatment its popularity will 
grow as the treatment effectiveness of alluvium becomes better understood.  Recharge has also 
been practiced for protection of groundwater dependent ecosystems (Berry and Armstrong, 1997; 
Dillon et al., 2009a). 
Figure 2.2 demonstrates how managed aquifer recharge can act alongside demand 
management and conjunctive use to bring an over-exploited aquifer back into hydrologic 
equilibrium. A corollary of this is that in areas where the climate is drying, causing the natural 
recharge rate to decline and irrigation demand to increase, managed aquifer recharge may provide 
an adaptive strategy to help re-establish hydrologic equilibrium. 
 
Figure 2.2 Options for bringing a depleted aquifer into hydrologic equilibrium,  
Source: Dillon et al., (2012)  
 
An aquifer can be brought into hydrologic equilibrium by either reducing extraction, or 
augmenting supplies, either through groundwater replenishment or providing alternative supplies 
(conjunctive use). 
It is logical that at any location the most economic option available would be adopted first, 
and then the next most economic, and so on until the volume by which demand is decreased, or 
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the volume of managed aquifer recharge or supply substitution is increased, so that hydrologic 
equilibrium is achieved. Invariably, some strategies for increasing water use efficiency will be 
among the most economic options. 
Figure 2.3 represents the actual sequence of options for restoring the aquifers of the Swan 
Coastal Plain and continuing to supply Perth’s growing need for water. The Water Corporation 
imposed a series of water conservation measures, such as mandatory restrictions on the hours 
during which parks and gardens may be irrigated to avoid high rates of evaporation, and reducing 
the frequency of irrigation to once or twice a week.  It also encouraged water efficient household 
appliances such as washing machines, showers, and toilets. An extensive investigation and 
demonstration trial of the use of recycled water for groundwater replenishment was undertaken, 
and the Western Australian Minister for Water announced in 2013 that this would be the next 
water supply for Perth, based on safety, economic efficiency and public acceptance. The value of 
the research was that it showed the costs of groundwater replenishment with recycled water were 
approximately half those of harnessing seawater desalination, the alternative (conjunctive supply) 
previously regarded as the cheapest acceptable source of supply.  Prior to that, onerous water 
restrictions were the only option, and these were regarded as politically unsustainable, and caused 
failures in garden supply industries. 
 
Figure 2.3 An actual sequence of options for restoring the aquifers of the Swan Coastal Plain 
Adapted from Dillon et al. (2012) 
 
Figure 2.3 shows a logical sequence of demand reduction (red), MAR (blue) and 
conjunctive use (yellow) to reign in groundwater depletion and sustain supplies (in this case for 
Perth, Western Australia).  Options, their relative costs and volumes are location-specific. 
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Improved irrigation efficiency is frequently the least costly option and should be implemented 
first. 
2.9 Summary 
Groundwater is expected to play a major role in addressing future water security. However, 
groundwater resources are exploited more than their natural extraction rates. Throughout history, 
and throughout the world, groundwater has been a major source of water for sustaining human 
life. Use of this resource has increased dramatically over the last century. In many areas of the 
world, the balance between human and ecosystem needs is difficult to maintain. Understanding 
the international scale of the groundwater issue requires metrics and analysis at a commensurate 
scale. In addition to metrics of groundwater availability, four key international groundwater issues 
are: depletion of water; degradation of water quality; the water-energy nexus and transboundary 
water conflicts. This chapter was devoted to introducing these issues. The issues outlined in this 
chapter highlighted both the challenges and promise of the groundwater issue internationally. The 
growing importance of groundwater supply combined with the challenges in its characterization 
and measurement make management difficult. Yet, advances in data analysis, remote sensing, 
and modelling at regional to continental scales provide some hope for more informed planning, 
which may ultimately lead to sustainable and responsible management. 
Depletion of groundwater - a precious resource for agriculture, ecosystem services, and 
domestic supply - has the potential to cause significant interruption of societal and ecological 
functions. The uncertainties inherent in managing a resource that is generally unseen create 
challenges in management and can lead to conflict among interests competing for the resource—
because proving who is responsible for stresses and impacts is a challenge. 
The water budget myth implied a simple balance between recharge and availability, but 
over the past century we have learned that the interconnections among groundwater-dependent 
ecosystems, human needs, and the groundwater system are deep and elaborate. Only an integrated 
approach to water management—viewing the components of the system together with competing 
needs—can maintain sustainability for future generations and a robust environment. Integration 
is also critical to manage the connections between seemingly disparate sectors of society and 
economics. As mentioned previously, the connection between electrical prices and agricultural 
pumping is an important consideration in India. The desire to mitigate climate change through 
alternative energy production can have a ripple effect of consequences on water resources, 
particularly in the case of biofuels. Agricultural policy beyond water use restrictions has important 
implications on water quality as it relates to chemical use and to salinisation of soil and water. 
Even the stability of relationships among nations can hinge on proper water management. 
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Managed aquifer recharge can be one useful element of integrated water resource 
management. It can help to conserve surface water resources and improve groundwater quality, 
minimise the evaporative loses and increase the volume of groundwater available for use. 
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Chapter 3 Assessing the feasibility of Managed 
Aquifer Recharge: A literature review 
3.1 Introduction  
This chapter provides a basic understanding and feasibility requirements of managed 
aquifer recharge. The chapter reviews the relevant literature on assessing the feasibility of 
managed aquifer recharge systems. More specifically, a review of available literature is 
undertaken to identify those variables and considerations required to assess feasibility as well as 
the various approaches and their strengths and limitations in assessing the feasibility. A brief 
overview is presented that compares the merits and demerits of surface and sub- surface storages 
in the broader context of future water security and need of additional water storage. 
Managed Aquifer Recharge, or sometimes referred to as groundwater banking, can be 
divided into two broad categories: non-infrastructure based and infrastructure based methods. 
Non-infrastructure based methods are usually based on changing surface and groundwater 
allocation and use, such as the substitution of groundwater by surplus surface water or recycled 
stormwater and wastewater. Infrastructure based MAR methods require transfer of water from 
surface sources to aquifers. They are primarily based on physical infrastructure for recharge, 
storage and recovery of water, such as basin infiltration or well injection methods. 
Feasibility of non- infrastructure based methods primarily rests on assessing regulatory 
and economic factors. Whereas, feasibility of an infrastructure based MAR method involve 
assessing technical and economic factors, although other factors (e.g. social, institutional or 
environmental) can impact uptake of an MAR project. Establishing a successful MAR facility 
will depend on many technical, economic and regulatory conditions that might or might not be 
met at locations where desire for MAR exists. The feasibility of MAR will involve assessing a 
set of conditions that makes MAR a favourable option, based on some decision criteria such as 
economics, environmental or consumptive water needs, in comparison to alternatives. 
The sources of information for this chapter include Ross and Arshad (2013), published 
scientific studies on MAR and feasibility assessments, four publications of the National Water 
Commission on MAR and a series of publications by the Commonwealth Scientific and Industrial 
Research Organization (CSIRO) on Managed Aquifer Recharge and Stormwater Reuse Options 
(MASRO). 
3.2 Options for future water security  
Before reviewing the literature on MAR types and their feasibility requirements, a brief 
overview is presented to compare the merits and demerits of surface and sub- surface storages in 
the context of future water security.  
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Arid and semi-arid areas require storage of water to maintain drinking water supplies and 
to ensure food security where rainfall is highly variable and surface water supplies are already 
stressed. For arid lands and many other areas, water security and reliability does not necessarily 
depend on the absolute amount of precipitation but instead on the fraction of water that is 
efficiently retained as storage (Shiklomanov, 2000). 
Historically, surface storages have been used as an adaptation measure to overcome 
temporal variations in water availability. Over the last century an estimated 800,000 smaller dams 
and more than 48,000 large dams were constructed globally with estimated total storage between 
6700 and 8000 km3 (Garten et al., 2000). Large dams were taken to be taller than 15 m or with 
storage capacity 3 million cubic metres or more (World Commission on Dams, 2000). 
Construction of surface storage dams raises a number of concerns such as their interference with 
stream ecology, displacement of people, high evaporation losses, high capital costs and loss of 
storage capacity due to sedimentation. With growing social, environmental and ecological 
concerns on the sustainability of surface storages (McCully, 1996; World Commission on Dams, 
2000). lt is less likely that surface storages will be a desirable option for advancing future water 
security, with some exceptions in the developing world. While the rate of surface water use has 
levelled and groundwater exploitation continues at incredible rates, an integrated approach to 
managing finite water resource resources becomes essential.  
For future water security, integrated options need to be brought into practice with options 
including improvements in water use efficiency (Gleick, 2000), scaling up water recycling, and 
introducing new water infrastructure, such as MAR, that has minimal environmental and social 
footprints (Dillon et al., 2012). Central pivot and drip irrigation systems can achieve 90% and 
95% application efficiency but with high initial costs, approximately 2500 $/ha (Qureshi et al., 
2001). Similarly, as an alternative to new infrastructure, desalination of seawater or brackish 
water is technologically advanced but the uptake remains hindered due to high energy 
requirements and high operational costs (Ghaffour et al., 2013; Zekri et al., 2014). At present, 
desalination can be a source of water supply only for extremely water-short countries with 
substantial energy or economic resources, such as the Middle East and the North Africa, where 
six of the top ten desalinating countries are located. MAR is just one part of the solution and 
should combine with water application efficiency and water recycling options based on cost 
effectiveness of each option as stated in Chapter 2.  
3.3 Managed Aquifer Recharge 
MAR is the purposeful recharge of water to aquifers for subsequent recovery or for 
environmental benefit (Dillon et al., 2009b). MAR, groundwater banking and artificial recharge 
of groundwater are terms used interchangeably in the literature. Dillon (2005) described MAR as 
an umbrella term used for a variety of methods for intentional banking and treatment of water in 
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aquifers. MAR has been practiced in many countries for storage of surface water in aquifers, 
recovery of groundwater levels, improvement of groundwater quality, and setting a barrier to 
protect freshwater aquifers from saltwater intrusion (Rahman et al., 2012). 
There could be number of water sources for MAR such as urban stormwater, water from 
large flood events in excess of environmental needs, water from dam spills, and treated waste 
water including water from demining and extracting coal seam gas. Water can be recharged by a 
number of methods including infiltration via basins or by injection wells. 
Aquifers are replenished naturally by infiltration from rainfall, natural lakes and from 
streams. Dillon (2009) described three categories by which human activities can enhance recharge 
to aquifer: 
i) Unintentional recharge that occurs ,for example, due to  clearing deep rooted 
vegetation and seepage from irrigation fields;  
ii) Unmanaged recharge which usually results from disposal of unwanted water without 
consideration of recovery through stormwater drainage wells, from soak pits and 
septic tank leach fields; 
iii) Managed recharge through mechanisms such as injection wells or infiltration basins 
and galleries from stormwater and recycled water (i.e. MAR).  
Managed Aquifer Recharge or groundwater banking can be divided into two broad 
categories: non-infrastructure based and infrastructure based methods. 
3.3.1 Non-infrastructure based methods 
Non-infrastructure based methods are usually based on changing surface water and 
groundwater allocation and use, although changes in land use can also play a part. Substitution of 
groundwater for surface water (or vice versa) has been extensively practised by individual water 
entitlement holders in Australia and overseas to maintain water supplies when surface water is 
scarce (Ross, 2012; Ross, 2014).  
The reduction of groundwater allocations during wet periods is one institutional method 
of banking water. This allows groundwater stocks to be built up, and enables groundwater 
allocations to be increased during dry periods. For example, conjunctive water licences were 
allocated in New South Wales in the mid-1970s to provide more stable water supplies. Under 
these licences groundwater allocations were inversely proportional to surface water availability 
(i.e. they increased in dry years). It was assumed that groundwater stocks would be replenished 
when pumping was reduced during wet periods (Fullagar et al., 2009). However, groundwater 
use entitlements were issued in excess of sustainable extraction limits that is long-term average 
annual recharge. The conjunctive water licence program contributed to unsustainable levels of 
groundwater use because they allowed extraction above long-term average annual recharge 
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during dry periods, but did not provide for offsetting reductions in groundwater extraction during 
wet periods. In 1997, conjunctive use licences were withdrawn (Gates et al., 2000).  
However, despite the failure of this program there remains the potential for a redesigned 
scheme to ensure aquifer recharge and reduced extraction during wet years. Further, the 
experience of non-infrastructure based water banking in NSW indicates the need for careful 
design to avoid problems that were experienced. 
The substitution of groundwater by surplus surface water or recycled stormwater and 
wastewater provides an alternative method of reducing groundwater use to build up underground 
water reserves.  For example, in Arizona, from the Central Arizona project, surface water or 
treated wastewater is delivered to agricultural groundwater users enabling them to reduce their 
groundwater use, in Arizona this is called in lieu use. Suppliers get a credit for the amount of 
groundwater that would otherwise have been pumped.  They can use this credit to meet state-wide 
groundwater replenishment targets. Indeed, the State of Arizona has developed a model of water 
banking that serves as an international prototype for effective use of aquifers for drought and 
emergency supplies (Megdal et al., 2014).   
Local land and water management practices can also be a tool for aquifer recharge and 
underground water banking. For example, soil tillage practices, hillside contouring, drainage 
ditches and water spreading basins can slow down the passage of water through the landscape and 
encourage greater soil water retention and aquifer recharge.  Planting trees and other vegetation 
can reduce run-off and water evaporation, and enhance soil infiltration especially on sloping 
terrain (Wenger et al., 2013). Vegetation does, however, use substantial quantities of water which 
offsets the positive impact on groundwater recharge. 
On-farm water harvesting practices can have a major detrimental effect on streamflow and 
aquifer recharge. It has been estimated that farm dams and other structures divert 1460 gigalitres 
(GL or billion litres) of water from streams and aquifer recharge in Australia (Sinclair Knight 
Merz, 2011). Current policies and management rules encourage large-scale on-farm surface 
storages, resulting in considerable evaporation losses. These rules also represent a significant 
barrier and disincentive to underground water banking (Ross, 2012). 
Non-infrastructure-based water banking is relatively inexpensive although there can be 
significant transaction costs involved with the development and establishment of water allocation 
and sharing rules. A more detailed discussion of non-infrastructure based MAR methods and 
water banking is given by Ross (2014) and Pulido‐Velazquez et al. (2004). The reminder of this 
review focuses on infrastructure based MAR methods. 
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3.3.2 Infrastructure based methods 
Infrastructure based managed aquifer recharge methods require transfer of water from 
surface sources to aquifers. They are primarily based on physical infrastructure for recharge, 
storage and recovery of water. Dillon et al. (2009b) described seven major components which are 
common to all types of infrastructure based MAR projects, they are shown in Figure 3.1 and 
Figure 3.2.  
 
Figure 3.1 Major components of managed aquifer recharge to a confined aquifer via well 
Source: Dillon et al. (2009b) 
 
 
Figure 3.2 Major components of managed aquifer recharge to an unconfined aquifer via 
 infiltration basin  
Source: Dillon et al. (2009b) 
 
Note that piezometric level is the level of water in a constructed well (Figure 3.1), while 
for an unconfined aquifer this is the watertable (Figure 3.2). Aquifers that are confined by a low 
permeability layer, require injecting water through a well, as shown in (Figure 3.1) and those that 
are unconfined and allow water to infiltrate through permeable soils can recharge by infiltration 
basins and galleries (Figure 3.2).  
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Infrastructure based MAR methods are more expensive than non-infrastructure based 
methods but offer a wider range of benefits. These benefits include: 
i. MAR costs less, under suitable hydrogeologic conditions, than building new surface 
storage reservoirs, and the environmental impacts are also less because MAR requires 
little land area than surface storages (Ross, 2014). 
ii. It reverses groundwater depletion ensuring that rivers continue to receive flows of water 
from aquifers. During dry times stored groundwater can substitute for surface water. It 
can also assist environmental water managers by allowing them to synchronise supply 
with specific environmental watering requirements. 
iii. It augments the natural processes of water storage in the landscape, avoiding substantial 
evaporative losses, although some migration and leakage of stored water may occur. In 
the Murray-Darling Basin up to 3000 GL of water a year evaporates from surface water 
storages. 
iv. It helps communities adjust to climate variability and uncertainty, and enables irrigators 
to have continued access to water during droughts. Managed aquifer storage can help 
ensure that there is enough water both for food production and the environment, rather 
than having to close down irrigation when drought hits. 
v. Storing water in aquifers can leach out pollutants and improve water quality. It can also 
maintain cool temperatures which are important for some ecological and industrial 
processes. 
vi. Water stored underground is safer from human interference and attack than surface 
infrastructure. Security of water infrastructure has become a bigger concern in recent 
years. 
vii. MAR technology and water banking expertise could also be a valuable new export 
industry in its own right. 
Development of infrastructure based MAR projects requires detailed site-specific 
knowledge and physical infrastructure to convey, recharge and extract water (Blomquist et 
al., 2004). Based on the method of recharge, infrastructure based MAR methods can be 
classified into three major types. Figure 3.3 provides an illustration of MAR methods and sub 
types. 
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Figure 3.3 Overview of MAR Methods and sub types  
Adapted from the UNESCO’s International Groundwater 
 Resources Assessment Centre, UN-IGRAC (2012). 
 
Infiltration methods are suitable to recharge shallow unconfined aquifers with minimal 
treatment and may include deep, large diameter isolated wells, infiltration ponds and galleries, 
induced bank infiltration, leaky and recharge dams, floodwater spreading basins and redirecting 
floodwater over the wider landscape to supplement areal (rainfall or flood related) recharge. Some 
infiltration methods require large surface areas and permeable soils to be effective (Bouwer, 
2002). 
Well and borehole recharge methods, commonly known as Aquifer Storage and Recovery 
(ASR), use injection through boreholes (called bores or wells) to store water in an aquifer. The 
injection of treated wastewater, from sewage or stormwater, into an aquifer can also be used to 
recharge groundwater. Stored water can be recovered either through existing wells or through 
separate newly installed wells. Boreholes have the advantage of targeting a desired aquifer for 
recharge (Pyne, 1995; Maliva and Missimer, 2010). Thus, zones of saline water or clay layers 
(aquitards) can be bypassed. However, boreholes are costly and require treated water for injection 
due to the fact that the water is directly injected into the aquifer without going through the natural 
attenuation process, that is, the gradual removal of impurities within the vadose or unsaturated 
zone. Passive borehole recharge requires limited mechanical assistance, but the infiltration rate is 
relatively low. Water injection using pumps can greatly improve the rate of aquifer recharge; 
however the pumps require constant maintenance and are costly to run. 
Direct recharge can be accomplished using natural streams or lake beds as recharge media. 
In-stream modification structures such as check dams or weirs can be used to slow run-off and 
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increase infiltration. Alternatively, water can be diverted from stream channels into adjacent 
storage areas, sometimes called "spreading basins", where water can percolate through the soil. 
The simplest method of infrastructure based aquifer recharge is an infiltrating basin through 
constructed ponds, trenches or stream beds. Bank filtration through stream beds is used 
extensively in Europe for water quality improvements and recovered for municipal use (Hiscock 
and Grischek, 2002). 
The risk of clogging is common to all operational MAR methods. Solutions to this issue 
include source water stabilisation through settlement ponds, filtration through gravel and sand 
beds or accepting on-going maintenance via bottom scraping of silts and clays. A full monograph 
on the management of clogging in various MAR systems is available from the International 
Association of Hygrogeologist’s (IAH) Commission on MAR website 
(http://www.iah.org/recharge). The next section provides an overview of approaches for assessing 
the feasibility of MAR. 
3.4 Feasibility of Managed Aquifer Recharge  
Suitability and feasibility are the two terms used interchangeably related to feasibility of 
MAR. The basic difference between the two terms is that suitability refers to MAR studies that 
are conducted in a spatial framework and provide qualitative maps on a regional scale where 
MAR can be potentially suitable. Feasibility refers to assessing appropriate hydrogeologic and 
other conditions in a given catchment with known or assumed hydraulic properties and defined 
boundaries of an aquifer. 
Establishing a successful MAR facility will depend on many conditions that might or 
might not be met at locations where desire for MAR exists. In summary, the feasibility of MAR 
can be described as assessing a set of conditions that makes MAR a favourable option based on 
some decision criteria such as economics, environmental or consumptive water needs. 
Maliva and Missimer (2010), presented wide-ranging details of an Aquifer Storage and 
Recovery (ASR) system, planning, construction and strategies for rehabilitation of wells in the 
USA. Kazner et al., (2012) provide the latest advance in the science and practice of managed 
aquifer recharge in the European Union and across the world. With examples of best practices, 
their work provides guidance on recommendations for the design and operation of water treatment 
methods for MAR, assessment of methods for water quality analysis and treatment, and risk 
assessment and decision support tools for MAR site suitability. Tuinhof and Piet-Heederik (2002) 
documented MAR technology and the lessons learnt through case studies from six countries 
where MAR had been used for many years. The International Association of Hydrogelogist 
(IAH), (http://recharge.iah.org/recharge) through International Symposium on Managed Aquifer 
Recharge (ISMAR), provides international experiences of MAR in the thematic areas of 
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modelling, recharge systems, water quality, operation and maintenance, and management of 
clogging. 
As mentioned above, for assessing the feasibility of MAR there are two major approaches 
of relevance here: i) MAR suitability mapping and ii) Hydrogeological and/or hydro-economic 
modelling. There is greater emphasis on integrating the two approaches for assessing the 
feasibility of MAR, but there are few examples that use such a combined approach. 
3.4.1 MAR suitability mapping  
Suitability mapping is carried out to identify suitable sites where MAR can be piloted. 
Such site selection studies have focused on the identification of potential MAR sites in a GIS 
environment using an overlay method. The suitability mapping approach has been used 
worldwide by combining thematic maps of different layers using Weighted Linear Combination 
(WLC) of suitability factors to generate qualitative maps (e.g. Saraf and Choudhury (1998), 
Scatena and Williamson (1999), Anbazhagan (2005), Ravi Shankar and Mohan (2005), Hostetler 
(2007), Helm et al., (2009), Kalantari et al., (2010), and Malekmohammadi et al., (2012)). 
In Australia, two important studies have conducted site selections of MAR. Hekmeijer 
(2002) carried out a GIS based identification of MAR sites within the Port Phillip catchment of 
Victoria and used multi-criteria analysis (MCA) with sixteen suitability factors to identify 
potential MAR locations. The four most important were i) hydrology, ii) hydrogeology, iii) water 
demand and iv) environmental risks. Following Heckmeijer (2002) the Bureau of Rural Science, 
Australia, Hostetler (2007) used MCA to map locations across Australia where MAR could be 
successful. Both Hekmeijer (2002) and Hostetler (2007), weighted source water availability and 
favourable hydrogeological conditions as the most important factors for assessing the suitability 
of MAR. The six opportunity factors, listed below, were used by Hostetler (2007) with different 
weightings to generate the map shown in Figure 3.4 to indicate potentially suitable MAR areas 
across Australia 
1) Hydrogeologic suitability  
2) Groundwater salinity levels  
3) Declining water levels and subsidence 
4) Proximity to point of water use 
5) Suitability of slope and natural gradients 
6) Rainfall surplus/availability of source water for MAR 
The resultant nationwide GIS map (Figure 3.4) is a significant resource to help identify 
regions where MAR could potentially benefit.  
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Figure 3.4 Suitability map for managed aquifer recharge and water banking across Australia 
Source: Hostetler (2007) 
 
Major limitations of GIS based MAR suitability studies are that they can only identify 
locations at a regional-scale where MAR can be potentially feasible. Such studies do not, for 
example, provide a quantitative measure of the volumes of water to recharge and recover, nor the 
costs and benefits associated with managed aquifer recharge. Suitability mapping can be useful 
as a first step in feasibility assessments to identify potential locations but cannot be relied upon 
entirely for MAR demonstration purposes. At a catchment-scale it becomes essential to use 
hydraulic or hydro-economic models to predict the behaviours of the hosting aquifer and most 
importantly predict infiltration, injection and recovery rates that can be possible in a given 
situation, along with the costs and benefits of new MAR infrastructure which are paramount to 
assess the feasibility of any MAR system. 
Recently Rahman et al.(2012) used a spatial multi-criteria decision analysis (SMCDA) 
software tool for selecting suitable sites for MAR in the Algarve Region, Portugal. The study 
combined multi-criteria decision analysis with other decision analysis techniques such as the 
Analytical Hierarchy Process (AHP), Weighted Linear Combination (WLC) and Ordered 
Weighted Averaging (OWA). The approach suggested by Rahman et al., (2012) can be more 
effective than previous studies because its new SMCDA tool can be augmented by groundwater 
flow and transport modelling, so as to achieve a more comprehensive approach to the selection 
process for the best locations of the MAR infiltration basins, as well as the locations of recovery 
wells and areas of groundwater protection. Similarly Smith and Pollock (2012) used an approach 
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that combined hydraulic model with GIS mapping techniques to assess the feasibility of MAR in 
a coastal plain of Perth. 
3.4.2 Modelling approaches to assess feasibility of MAR 
Hydraulic and hydro-economic models can be useful tools in predicting the behaviour of 
many hydrogeologic and economic variables. Knowledge of infiltration, injection and recovery 
rates and their influence on the costs and benefits is important for assessing the feasibility of 
MAR. 
Hydro-economic models typically represent a spatially-distributed water resource system, 
infrastructure, management options and economic values in an integrated manner (Harou et al. 
2009). Such models integrate economic criteria and physical (engineering) principles for decision 
making. In most cases optimization algorithms provide the mathematical link between economics 
and engineering (Lund et al., 2006). The application of hydro-economic models involves the 
development of a base case representing current infrastructure and water management practices. 
Alternative scenarios may represent new infrastructure, operating rules and policy and 
institutional changes to compare results for the base case and alternative scenarios. Harou et al. 
(2009) reviewed over 80 hydro-economic models from 23 countries and identified techniques to 
characterize the economic value of water. 
In relation to the feasibility of MAR few applications of hydro-economic models is 
summarised below; 
Botzan et al. (1999) evaluated potential benefits from artificially recharging the aquifer in 
the San Joaquin River in the United States. The work demonstrated variation in the values of 
water in time and space by considering discount rate as an important economic variable. Supalla 
and Comer (1982) represented the recharge benefits of groundwater for irrigation into two 
components for Nebraska case study: pumping cost savings and aquifer extension benefits. Under 
different climate scenarios the comparative benefit-cost analysis revealed significant benefits 
from artificially recharging the aquifer.  
Uddameri (2007) used a deterministic modelling approach to quantify the optimal level of 
water storage with a least cost solution for an ASR system in Mustang and Padre Islands of Texas, 
USA. Likewise, Khan et al. (2008) examined the technical and economic potential of managed 
aquifer recharge in the Murrumbidgee Region of New South Wales, Australia. They used a 
modified version of the regional groundwater flow MODFLOW model to estimate groundwater 
recharge volume and potential storage benefits for irrigation. Storage capacity of the aquifer was 
estimated from the difference between present and historical groundwater levels and with already 
known aquifer storage coefficients for the Murrumbidgee aquifers. The study assumed 
infiltration, injection and recovery rates to be known for anticipated MAR facilities. 
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A limitation of the hydro-economic modelling studies in general is that they under 
represent the heterogeneity of the recharging layers. This under-representation of heterogeneity 
introduces an uncertainty in the infiltration injection and recovery rates. Hydro-economic 
modelling assumes average values of infiltration injection and recovery rates which can lead to  
higher uncertainty in the estimation of recharge and recovery volumes and estimation of benefits. 
This deficiency and associated uncertainties are addressed in the break-even analysis of cross-
over points (Chapter 7), by considering range of values of the many variables and their 
interactions.  
3.5 The case for an integrated approach to MAR feasibility 
assessment 
Assessing feasibility of MAR project is complex due to its multifaceted nature and its 
interdependence on several other factors (Rahman et al. 2012). GHD Pty Ltd and AGT Pty Ltd 
(2011) discussed the need of an integrated assessment and provide a framework under which 
feasibility of MAR projects must consider technical, economic, environmental and regulatory 
factors. This section argues that feasibility assessment of an MAR scheme requires the integration 
of many types of data and information from many disciplines. This will include conducting 
hydrologic, hydrogeologic, engineering, economic, social, regulatory and environmental 
investigations. Figure 3.5 presents the components of a broad framework to assess the feasibility 
of Managed Aquifer Recharge, building on previous frameworks where each has some missing 
component. 
.  
Figure 3.5 A Framework for Feasibility of Managed Aquifer Recharge 
Adapted from GHD and AGT (2011), Dillon et al. (2009b) and Rawluk et al.  (2012) 
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Assessing the feasibility of an MAR with an integrated approach involves quantifying 
source water availability, characterising the hydrogeology of the receiving aquifer (s), assessing 
the social acceptability and regulatory conditions, costing the technological options and assessing 
the degree of environmental and operational risks. Although all disciplinary feasibility 
assessments are essential, the first step in establishing an MAR scheme requires integration of 
technical (hydrogeologic and hydrologic) and financial variables to provide a basis for other 
investigations to proceed. Of the seven presented disciplinary assessments in Figure 3.5, this 
thesis only focuses on hydrologic, hydrogeologic and financial assessments. While review of the 
all the seven disciplinary assessments has been carried out in this chapter for greater 
understanding of the wide feasibility requirements of MAR. 
3.5.1 Technical feasibility  
Technical considerations for assessing the feasibility of an MAR project include 
hydrologic assessment of the catchment to assess the availability of water sources for aquifer 
recharge and hydrogeologic assessment of the receiving aquifer to assess the means to store and 
recover water from the aquifer. Key hydrogeologic factors include assessing aquifer storage size, 
permeability, infiltration, injection and recovery rates and connections with other aquifers and 
streams. Greater details of some of the technical considerations have already been highlighted 
and discussed in section 3.3.2. In addition, the case study in chapter 5 will assess some of the 
major technical issues including hydrologic analysis to examine water availability from large 
flood events as source water for MAR (section 5.6) and hydrogeologic potential and constraints 
for MAR (section 5.7) in the lower Namoi Catchment.   
3.5.2 Economic feasibility  
Economic feasibility of MAR can be evaluated using cost-benefit analysis (CBA). 
However, this involves the great challenge of monetizing total benefits. When the focus is on 
estimating total economic benefits of recharge to a region instead of an individual, the estimation 
of benefits of aquifer storage become complex, as public good, socio-economic and 
environmental benefits to a region need to be accounted for and these benefits are more difficult 
to assess and quantify (Maliva, 2014a). As mentioned earlier, underground water storage appears 
likely to have smaller environmental impacts than surface reservoirs, because MAR minimises 
evaporative losses as well as uses less land than surface storage. Maliva (2014a) provides a review 
of the methods and techniques for assessing total benefits from MAR. For actual estimation of 
total benefits of groundwater replenishment- see Qureshi et al. (2012) and Marsden Jacob 
Associates (2012). The three above mentioned studies highlighted that when the aim is to 
determine true value of groundwater, whether through augmentation or conservation, it must 
consider total economic and environmental benefits that include all use and non-use resulting 
benefits. 
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However, in a farming landscape, with a known volume of storage and recovery it is 
practical to only monetize the financial benefits, since the goal is on the recovery of stored water, 
and the volumes recovered accrue to an identifiable water utility for a particular and known use 
with expected monetary value of benefits (Ross and Arshad, 2013). The financial feasibility of 
MAR can then be studied in comparison to other water supply and storage alternatives including 
surface storage. 
The local situation dictates the costs of MAR options and large variations may occur 
between localities (Dillon et al., 2009b). For an impartial comparison, it is essential to analyse 
the benefits and costs of MAR and surface storage in the same location, because the comparison 
of benefits and costs is complicated by the wide range of biophysical, socio-economic and 
regulatory conditions which in most cases are location-specific to where MAR occurs.  
There is little published analysis of the economic and financial benefits of MAR. From the 
few published studies that compare benefits and costs of surface water and groundwater storages 
in the same location, Ross and Arshad (2013) compiled and reported benefits and costs of surface 
storage and MAR at same locations , in Australia and overseas, and showed that costs and returns 
of MAR options vary substantially. Greater detail of MAR cost options and their comparison with 
alternatives is covered in Chapter 6, - see Section 6.4 cost estimates of MAR options. 
The costs of an aquifer storage facility include the capital, operating and maintenance cost 
of water recharge, storage and recovery infrastructure, such as an infiltration pond or an injection 
well, the cost of acquiring, capturing, stabilizing and treating source water, the cost of land and 
the cost of pumping. The cost of recharge mainly depends on local hydrogeologic features of the 
aquifer that determine a technically suitable method to accomplish recharge. Recharge rates, both 
infiltration and injection, and quality of source water are the major factors that influence the cost 
of any aquifer recharge and storage facility. Little information exists on the actual cost of aquifer 
recharge and storage facilities in Australia and elsewhere. Some available MAR cost data is local 
and situation specific, making cost comparison difficult across regions. 
Chapter 6 provides further details of the cost of MAR options. Similarly, literature on the 
application of CBA in water resources management including MAR is covered in Chapter 6 and 
literature on uncertainty in the cost-benefit analysis is covered in Chapter 7. 
3.5.3 Institutional considerations  
Many countries include areas where the basic physical prerequisites for water banking are 
met although, this does not mean uptake of MAR will necessarily occur.  Institutional factors are 
the main reason for differences between the uptake of MAR in different countries (Blomquist et 
al., 2004; Ross, 2012).   
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Historically most of the emphasis in water management in Australia, as in many other 
countries,  was on building infrastructure and increasing water supply capacity, with an emphasis 
on surface water delivered at low cost through large, highly regulated delivery systems. 
Evaporative losses from these systems are substantial. For example, it is estimated they amount 
to 3000 GL/year in the Murray-Darling Basin. In the 1990s Australia commenced a series of water 
reforms designed to improve the water use efficiency and address growing environmental 
impacts.  
Despite the clear benefits of underground water storage and banking, the socio-economic 
and political difficulties of making the transition from current arrangements to an efficient storage 
system should not be underestimated. Firstly, many municipalities and rural landowners have 
significant capital invested in surface water storages and they would wish at least to ensure a 
minimum return on their investments.  Secondly, an efficient storage system would initially have 
a negative impact on rural incomes because of the cost of investing in underground storage. These 
impacts increase the transition and transaction costs of changing from one system to another 
(Challen, 2000).  
Moreover, once established, water management institutions are difficult to reform. This 
can be attributed both to the transaction costs associated with institutional bargaining and to the 
stickiness of institutions once they are firmly embedded in thought processes and standard 
operating procedures. Political factors also play an important role, and some interest groups may 
well benefit, at least in the short run, from maintaining the status quo.  For example, Young (2002) 
stated that “any reductions of water use entitlements or restrictions on their use are likely to be 
fiercely resisted by those who view any such reduction as an infringement of their pre-existing 
entitlements”. 
Since most jurisdictions in Australia (and elsewhere) do not have a comprehensive system 
of water entitlements and rules that will encourage efficient choices between different sources of 
water and water storage, transitional arrangements are needed to promote movement towards an 
efficient system. The transition would involve movement from an ASR permitting or entitlement 
system to a fully separated tradable entitlement system (Ward and Dillon, 2012). They proposed 
the application of a three tier system of governance instruments including a tradable entitlement, 
a tradable periodic allocation, and obligations and conditions of use to each of the four stages of 
a managed aquifer recharge project; source water harvesting, recharge, recovery and end-use.   
Collective integrated water use and management, within the framework of sub-basin water 
planning, can offer greater economic and environmental benefits, and better risk management 
than uncoordinated individual action (Ross, 2014). The USA experiences suggest that the most 
effective investments in underground water storage and recovery are made by partnerships 
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between authorities and water users (Blomquist, 1992; Blomquist et al., 2004). Given the 
substantial disincentives to underground water storage and banking in Australia, there may be a 
case for transitional government incentives for MAR projects or for governments to share the 
costs with users.  
3.5.4 Assessment of risks  
Risks associated with managed aquifer recharge can be evaluated and described in three 
categories: water quality risks to public health, risks to operational MAR infrastructure such as 
clogging, and risks to the environment arising from interaction of source water with ambient 
groundwater and aquifers. 
Risk associated with many water recycling systems primarily originates from the quality 
of source water. However, water storage and recycling using MAR involves additional risks. 
These risks include degradation of the aquifer and other connected hydrogeologic systems due to 
the many physical and chemical processes that occur during recharge, storage and recovery 
processes. Predicting and managing MAR water quality can be challenging as the recharge water 
may interact with both the native groundwater and the aquifer rock via physical, chemical and 
biological processes. For assessing water quality aspects of an MAR scheme three types of risks, 
associated to the aquifer, need to be evaluated: i) quality of the recharge water; ii) quality of the 
native groundwater and its influence while mixing of the two waters; and iii) interaction of 
recharge water with aquifer rock (Nandha et al., 2014). The most critical operational component 
of any MAR system is the interaction between the aquifer and the recharge water that can result, 
and propagate operational risks such as clogging and public health risks, for example, poisoning 
of the recovered water with arsenic or other heavy metals and environmental risks such as aquifer 
salinisation and poor functioning of groundwater dependent ecosystems.  
Australian Guidelines for water recycling NRMMC-EPHC-NHMRC (2008) sets a broader 
framework and outlines water quality requirements for all types of MAR projects to prevent 
contamination of aquifers and human health. Australian Guidelines for Water Recycling Phase I 
and Phase II documents NRMMC-EPHC (2006) and NRMMC-EPHC-NHMRC (2009) includes 
assessing the seven water quality hazards: pathogens; inorganic chemicals; nutrients; salinity; 
organic chemicals; turbidity and radionuclides (Page et al., 2013). Further details of MAR related 
risks can be found in Page et al. (2010, 2013). 
3.5.5 Social and public acceptance of MAR 
Assessing social and public acceptance of MAR involves engaging stakeholders to seek 
their opinions on the use and storage of recycled water in aquifers and evaluate their responses 
for potable and other uses. Environmental advocates, including conservation groups, are likely to 
be sceptical of proposals for MAR. They may be concerned that MAR may not be suitable for 
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drinking purposes and may impact and alter ecological functions of the landscape. Further, there 
might be concerns about diverting river flows and capturing stormwater. Social survey results of 
Rawluk et al. (2012) in Namoi irrigation district of NSW showed that stakeholders have a high 
level of acceptance for MAR due to recognition of the existing groundwater overdraft and the 
benefits of replenishing the aquifer. Greater detail of public and social acceptance of MAR in 
Australia and elsewhere can be studied in Alexander (2010, 2011).  
3.6 Variables for assessing the feasibility of MAR in CBA  
The literature review in Section 3.5 revealed that hydrogeologic, economic, environmental 
and regulatory conditions can influence the feasibility and advantages of MAR in comparison to 
other water supply and storage alternatives. Table 3.1 lists those important variables to assess the 
feasibility of MAR when using cost-benefit analysis. Table 3.1 is not an exhaustive list of 
variables but reports the most concerning variables from the reviewed literature for assessing 
financial feasibility in an irrigation landscape. The most relevant of these variables will be used 
in the cost-benefit analysis in Chapter 6 and the breakeven analysis of cross-over points in Chapter 
7. 
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Table 3.1 Variables for Assessing Feasibility of MAR  
No Variable Reference 
1  Basin infiltration rate 
Bouwer (1999) 
Bouwer (2002) 
Khan et al. (2008) 
Dillon et al. (2009b) 
Smith and Pollock (2012) 
2 Basin maintenance frequency 
Hida, 2009) 
Pedretti et al. (2011) 
Pedretti et al. (2012) 
3 Surface evaporation rate  
Rockström (2003) 
Missimer et al. ( 2014) 
 
4 MAR loss and recovery rates  
Pyne (2010) 
Pyne (2005) 
Maliva and Missimer (2010) 
5 ASR maintenance rate  
Pyne (2010) 
Pyne (2005) 
Maliva and Missimer (2010) 
6 Discount rate  
Khan et al. (2008) 
Dillon et al. (2009b)  
Qureshi et al. (2012) 
7 Life span of surface storage system 
Khan et al. (2008) 
Dillon et al. (2009b) 
8 Life span of basin infiltration and ASR system 
Khan et al. (2008) 
Dillon et al. (2009b) 
9 Source of MAR water Rawluk et al. (2012) 
10 Groundwater pumping cost  Qureshi et al. (2012) 
11 Capital cost of basin infiltration 
Khan et al. (2008) 
Dillon et al. (2009b) 
12 Sale Prices of irrigation crops  
Powell and Scott (2011) 
 
13 Capital cost of ASR system  
Pyne (2010) 
Khan et al. (2008) 
Dillon et al. (2009b) 
14 Water treatment cost  Dillon et al. (2009b) 
15 Capital cost of surface storage system 
Khan et al. (2008) 
Dillon et al. (2009b) 
16 
Capital cost of temporary storage/wetland for 
basin infiltration system 
Khan et al. (2008) 
Dillon et al. (2009b) 
17 
Capital cost of temporary storage/wetlands for 
ASR system 
Khan et al. (2008) 
Dillon et al. (2009b) 
18 Variable cost of producing irrigation crops  
Powell and Scott (2011) 
 
19 Environmental cost Alcon et al. (2012) 
20 
Annual maintenance costs of basin infiltration, 
ASR and surface storage systems 
Khan et al. (2008) 
Dillon et al. (2009b) 
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3.7 Summary 
This chapter has provided a basic understanding of Managed Aquifer Recharge and 
assessing its feasibility requirements.  The chapter reviewed the relevant literature on assessing 
the feasibility of Managed Aquifer Recharge systems with emphasis on technical and economic 
considerations. Feasibility mainly relies in the first instance on technical and economic factors, 
although other factors (e.g. social, institutional or environmental) will impact its uptake. The 
economics of infrastructure based MAR is closely linked to, and dependent on, favourable 
hydrogeologic conditions, while technical and economic feasibility assessment lay the foundation 
for assessing institutional and regulatory requirements, assessing social acceptance and evaluating 
environmental risks of MAR. In line with the objectives of this thesis, this chapter identified 
twenty most critical variables for assessing the financial feasibility of MAR in an irrigation 
landscape. The variables identified will be used in the cost-benefit analysis in Chapter 6 and the 
break-even analysis of cross-over points in Chapter 7. In the next chapter, however, a reduced 
framework, focusing on the technical and economic considerations is presented, along with 
contextual information on the case study in the lower the Namoi Catchment. 
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Chapter 4 The framework and study area: The 
Lower Namoi Catchment  
4.1 Introduction 
This chapter will cover description of the methods, details of analysis and significance of 
the case study for this research. A broad overview of integrated assessment (IA) is first presented 
for understanding the concept, before the conceptual framework used for the analysis in the thesis. 
Greater details of methods and/or analysis, for Chapter 5, Chapter 6, and Chapter 7, appear in the 
relevant chapters. 
4.2 The concept of integrated assessment  
There is a growing recognition that many water management, including groundwater 
management questions cannot be adequately answered by single discipline studies. Thus the need 
for an integrated assessment and a systems view becomes essential to integrate to obtain a more 
holistic perspective of a complex question (Haapasaari et al., 2012). Integrated assessment 
involves combining communication of ideas, organizing concepts or integrating methods across 
two or more disciplines to answer a complex question (Huutoniemi et al., 2010). 
Several related terminologies are used in the literature for integrated research approaches 
(Huutoniemi et al., 2010). Commonly used terminologies are interdisciplinary, multidisciplinary, 
cross-disciplinary, and transdisciplinary research approaches. These terms are used 
interchangeably for an integrative research and can have multiple meanings (Lattuca, 2001; 
Lattuca et al., 2004). Wagner et al. (2011) described interdisciplinary or integrated research as 
one that focuses on integrating separate disciplinary data, methods, tools and concepts and 
theories in order to create a system (holistic) view for more clear and common understanding of 
a complex situation. Thus critical indicators of an integrated research or interdisciplinarity then 
must produce a synthesis which has greater understanding than the sum of the individual 
disciplinary outcomes when considered alone. 
The integrated concept adopted for this research is closer to the one presented by Jakeman 
and Letcher (2003) for integrated assessment (IA) in environmental decision making, 
emphasising the need for improved techniques of uncertainty analysis to differentiate between 
decisions. IA attempts to address the demands of decision makers for management that has 
environmental, social and economic considerations. Research in this thesis does not include 
stakeholder engagement, one component of IA that relates to integrating and sharing knowledge 
especially to enhance prospects for uptake. The research assumes that assessing technical and 
financial feasibility sets a pathway to assess and establish social and regulatory settings for MAR 
through stakeholders’ engagement at later stages. 
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4.3 The conceptual framework for integrated assessment  
The Section presents an integrated framework to assess the feasibility of MAR under 
uncertainty. Integration occurs at two levels; 
i. Integration of hydrologic, hydrogeologic and financial disciplines by analysing many 
variables from three disciplines in a single model and 
ii. Integration and enhancement of disciplinary methods, such as enhancement of the break-
even analysis, is used to explore uncertainty in the cost-benefit analysis through 
identification of cross-over points 
To explore further the research question “When and why MAR is or is not profitable in 
comparison to surface storage of water”? A modified framework is presented in Figure 4.1 for 
MAR feasibility assessment. It shows a simplification of Figure 3.5 from Chapter 3. 
 
Figure 4.1 Major disciplines considered for assessing the feasibility of MAR 
  
The major disciplines considered for this research are highlighted (in black) in Figure 4.1. 
Hydrologic and hydrogeologic assessments (Chapter 5) and financial assessments (Chapter 6) 
forms major assessment areas of this thesis for which detailed quantitative analyses are carried 
out. 
Hydrologic feasibility of MAR is assessed from the viewpoint of MAR water availability. 
For the hydrogeologic potential and constraints only a preliminary assessment is undertaken 
(Chapter 5) which is based on available scientific literature. For consideration of uncertainty 
aspects, a conceptual framework is presented in Figure 4.2 that integrates financial and non-
financial considerations, namely technical assessments. Technical assessment includes 
hydrologic, hydrogeologic and assessment of other non-financial variables. 
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Figure 4.2 Conceptual framework for assessing the feasibility of MAR under uncertainty  
4.4 Method and detail of analysis 
The analyses in this research are carried out in three steps;  
i. Hydrologic and hydrogeologic assessments are carried out to assess water 
availability for MAR from large flood events in the study area. The hydrologic 
analysis characterises forty years of daily streamflow data from 1973 to 2012, and 
examines the frequency of large flood and high streamflow periods. Hydrogeologic 
constraints and opportunities for three key variables, infiltration, injection and MAR 
recovery rates, are also assessed from the available literature. Hydrologic and 
hydrogeologic analyses are covered in Chapter 5. 
ii. The second level of assessment, financial assessment, is carried out in Chapter 6 by 
using cost-benefit analysis (CBA). CBA compares net present value (NPV) of the 
irrigation benefits of surface storage with two managed aquifer storage methods 
namely, basin infiltration and well injection or ASR. The financial analysis compares 
the NPV of farm benefits to rank the considered water storage options based on their 
financial return.  
iii. Uncertainty is inherent to some degree in CBA, as the analysis often requires making 
predictions about future conditions to estimate costs and benefits of a policy or a 
project, which in many situations are subject to uncertainty. The third step of break-
even analysis of cross-over points is carried out in Chapter 7 to assess the feasibility 
of MAR under uncertainty. This involves finding values of variables that will provide 
exactly the same financial returns from any two compared options. Identifying cross-
over points allows the user to understand the minimum conditions required for 
success and allows measures to be taken to ensure they do not occur. 
Technical  Assessment
Hydrological  Analysis 
And Hydrogeological Analysis
Financial Assessment
Financial Cost-benefit Analysis 
Consideration of Uncertainty 
Break-even Analysis 
Identification of thresholds or Cross-over Points
Financial  Uncertainty
Cost of pumping
Cost of infrastructure
Discount rate
Price of crops  etc.
Technical Uncertainty
Floodwater availability
Infiltration rate
Injection rate
MAR loss rate etc.
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 A greater detail of the break-even analysis of cross-over points is presented in chapter 7. 
Financial analysis evaluates whether investment in MAR is worthwhile, while analyses of cross-
over points help understand the circumstances when MAR is worthwhile.  
4.5 Description of the “model” 
To enable the break-even analysis, the financial analysis is programmed as a function in R 
(Pinheiro et al., 2011).  As a general purpose statistical programming language, R offers a suite 
of optimization methods as well as providing tools for visualization and the means to include a 
user interface. To identify cross-over points of single variables, other variables are set to fixed 
values, and the R function uniroot (Brent, 1973b) is used to identify the value of the variable 
where the difference in Net Present Value (NPV) between the two compared options is zero, 
meaning that the two options have equal NPV. To identify cross-over points involving many 
variables, the model uses optimization to identify a cross-over point. This is one possible criterion 
for selecting cross-over points of concern. Other criteria, including probabilistic ones, would be 
possible and would usually raise different cross-over points for discussion. The cross-over points 
generated are assessed by comparing them to maximum and minimum values of variables that a 
decision maker thinks might be possible due to physical, climate or policy change over the 
analysis period (see Appendix I F, cost-benefit-par-ranges). 
Code for the analysis is available online at http://dx.doi.org/10.5281/zenodo.11704. Greater 
details of the “model” and identification of cross-over points are covered in Chapter 7. In the 
remainder of this chapter, a brief profile of the case study area is presented.  
4.6 Profile of the study area and its significance for MAR 
The Namoi is a catchment area in the northern NSW region of the Murray-darling Basin 
(MDB) (Figure 4.3). The lower Namoi sub catchment has a total land area of 42,000 square 
kilometres. Most of the irrigated land is used to grow cotton, in rotation with other crops. The 
area planted changes each year depending on water availability, due to the highly variable rainfall 
patterns in the region (Kelly et al., 2007). In the Namoi Valley there were approximately 94,000 
hectares of irrigated area operated by 701 businesses in the year 2005-2006. In the same season, 
there were 140 businesses growing cotton on 57,000 hectares in the Namoi Valley, among these, 
100 businesses and 44,000 hectares were in the lower Namoi (Australian Bureau of Statistics, 
2008), the sub catchment downstream of the Valley. Figure 4.3 is a map of the lower Namoi and 
shows the location of water ways, major towns and the stream gauge at Mollee used for hydrologic 
analysis in Chapter 5. 
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Figure 4.3 Location Map of the Namoi Catchment, NSW 
Adapted from Smithson (2009) 
 
As an intensive agricultural area focused largely on cotton production in NSW, the Namoi 
Catchment extracts the largest groundwater volume for irrigation in the MDB (Kelly et al., 2013). 
As a result of over-extraction groundwater levels have been declining throughout the alluvial 
aquifer since the late 1960’s. The scale of groundwater use over time has lowered groundwater 
levels in excess of 20 m or more in some places (Giambastiani et al., 2012). In response to 
groundwater overdraft, NSW, State governments have reduced current groundwater irrigation 
entitlements in heavily exploited aquifers including the lower Namoi (Smithson, 2009). For the 
lower Namoi, there has been a 10 percent reduction in groundwater allocation in each year from 
2005 to 2015, translating to a reduction of 21 gigalitre (GL)/year in year 2015 and onwards 
(CSIRO, 2007). Reduced water availability under droughts and reduction in water allocation has 
significant financial impact on the farming communities. Groundwater in the Namoi River 
Catchment supports an irrigation industry worth in excess of 380 million dollar per annum, as 
well as being a source of water supply for towns and intensive industries (Australian Cotton 
Growers, 2012). According to Australian Cotton Growers (2012), in the wetter year of 1998/1999 
about 60,000 hectares of cotton were grown in the lower Namoi, whereas in the drought year of 
2003/2004 only 26,300 hectares of cotton were planted due to limited surface water supplies. 
This region appealed as a case study to explore opportunities for MAR using large flood 
events for several reasons: Cotton farming is profitable and dependent on irrigation using 
groundwater; aquifers are depleted; and the lower Namoi regularly experiences large floods that 
offers a substantial water for MAR. According to CSIRO (2007) the lower Namoi is one of the 
most stressed aquifers in New South Wales with respect to its sustainable use. Its groundwater 
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resources are considered at high risk as relative to the natural recharge, the demand for extraction 
by water users primarily by the cotton industry is high. 
In lower Namoi an estimated 140 GL of off-river storages as on-farm dams is diverted 
during high flow periods (Burrell et al., 2011). A typical Namoi valley farm holds around 900 
ML water for one year of irrigation. All irrigation water is stored and routed from farm dam 
surface storages before application to the field. This surface storage of irrigation water results in 
substantial evaporation losses. On average, evaporation losses from surface water storages range 
between 1.2 to 1.8 m/year (Wigginton, 2011). This surface evaporation represents a loss of 
approximately 35% to 50% of the total on-farm storage capacity. 
Aquifer storage via managed aquifer recharge is investigated in the thesis as a way of 
minimising evaporative losses and increasing farm profitability by providing saved water for 
additional irrigation. The alluvium of the lower Namoi has the potential to store large quantities 
of water as over-abstraction in the last fifty years has dropped water levels and depressurised the 
semi-confined aquifers (Kelly et al., 2013). Previous studies on MAR in the lower Namoi were 
conducted with a limited scope and did not undertake any quantitative assessments, for example, 
Woolley et al. (1994) focused only on areas where MAR projects could be piloted and did not 
undertake any hydrologic, hydrogeologic and economic assessments to assess the feasibility of 
managed aquifer recharge. 
The next chapter assesses the hydrologic and hydrologic feasibility of MAR by assessing 
the source water availability from the flood events and by examining the infiltration and recovery 
rates that can be possible in the lower Namoi Catchment.  
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Chapter 5 Hydrologic and Hydrogeologic 
feasibility of MAR in the lower Namoi 
Catchment, Australia 
5.1 Introduction 
The potential of MAR in Australia has not been fully realised and assessed in rural farming 
landscapes, with few exceptions including peri-urban South Australia (Adelaide), Urban parts of 
Western Australia (Perth) and a saline mitigation and aquifer recharge scheme in the Burdekin 
Catchment (North Queensland). This limited uptake is due to several uncertainties surrounding 
MAR, which include that the benefits have not been economically validated, suitable sites have 
not been identified, and existing surface water and groundwater policies make implementation 
difficult. Another impediment is that reliable sources of water for managed aquifer recharge have 
not been identified.  
This chapter assesses the hydrologic feasibility of MAR in the lower Namoi from the 
viewpoint of water availability. The hydrologic analysis in this chapter examines water 
availability from large flood events as source water for MAR in the lower Namoi Catchment. The 
chapter also provides an overview of hydrogeological opportunities and constraints for MAR in 
the study area. Knowledge concerning infiltration, injection and recovery rates and their values 
are reviewed and reported from theory, see  Bouwer (1999, 2002) and from actual MAR projects, 
see - Smith and Pollock (2012) around the world. This will help to assess what ranges of 
infiltration, injection and recovery rates could be possible, under given hydrogeologic conditions, 
in the lower Namoi Catchment. 
5.2 The potential sources for MAR water in the lower Namoi 
Catchment 
In Australia, urban stormwater has been the major source of water for managed aquifer 
recharge (Arshad et al., 2012). There has been little research on potential sources of water for 
MAR in rural settings. Under current water allocation arrangements in Australia, particularly in 
the rural context, there seem few opportunities to capture water for the purpose of MAR. 
Identifying water for the purpose of MAR will be challenging, particularly in the Murray-Darling 
Basin where irrigators must operate within existing entitlements to water and where floodwaters 
are typically considered as environmental water (MDBA, 2012). Under these regulatory 
arrangements only existing entitlements for consumptive uses can realistically be considered as a 
source of water for MAR in rural catchments. Within existing entitlements for consumptive uses, 
Rawluk et al.(2012) identified and discussed potential sources of water for MAR in the Murray-
Darling Basin. The three potential sources identified were; 
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i. Supplementary water: water diverted from rivers under existing entitlements during high 
floods or periods of high streamflow;  
ii. Locally captured farm run-off; 
iii. Water extracted from coal seam gas mining could be treated (desalinated) and reused for 
MAR.  
“Supplementary water” is the water that can be extracted from the river when a high river 
stage triggers. Such high flows may occur in response to inflows from tributaries downstream of 
the major dam storages or from dam storage spills when there is little or no immediate demand 
for the consumptive use. Such water extraction policies encourage the use of large-scale on-farm 
storages, from which there may be considerable water loss from both evaporation and from 
leakage into underlying shallow saline aquifers. 
In many areas of Australia, including the lower Namoi Catchment, supplementary water 
and local run-off is captured and stored in farm dams for stock supply and irrigation uses. 
Currently, farm dams across the Murray-Darling Basin have a combined capacity of 2,000 GL 
(CSIRO, 2007). Craig et al. (2005) estimated that up to 40 percent (800 GL) of this storage volume 
is lost each year to evaporation. MAR can provide a low or no evaporation option for storage of 
water under these circumstances. Both irrigation water demand and its economic value could be 
very high, particularly during dry years when supplies from surface water are limited. 
5.3 History of high floods in the lower Namoi Catchment  
The Namoi River is a regulated river with three major surface water storage dams: Keepit 
Dam (425,510 ML); Chaffey Dam (61,830 ML); and Split Rock Dam (397,370 ML). In addition, 
as already mentioned in Chapter 4, an estimated 140,000 ML of water is stored in farm dams 
diverted during flood periods (Burrell et al., 2011). Figure 5.1 shows the location of major dam 
storages and gauging station used for hydrologic analysis. 
 
Figure 5.1 Major Dam storages Namoi Catchment: 
Adapted from Green et al. (2011) 
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The Namoi River follows an irregular flow pattern with moderate to large variability in 
inter-annual and inter-decadal flows. Figure 5.2 plots historical streamflow data of the Namoi 
River, highlighting peak events since 1900. The large floods observable in 1900, 1910 and 1955 
would now only occur if the dams at the head of the catchment reached spilling point. The 1955 
pre dam construction flood peaked at 800,000 ML/day. In contrast, the average flow of the Namoi 
River at Gunnedah is about 11,000 ML/day. 
 
Figure 5.2 Flood peaks in the Namoi River,  
Monthly flow ML/d (1900-2008), Namoi River at Gunnedah 
Data source: NSW, Office of Water, 2008 
 
Further downstream at the Mollee gauging station, Figure 5.3 highlights floods from the 
river flow data (1970-2008) where mean monthly flow during the floods of 1964, 1971, 1974, 
1976, 1984, 1998 and 2000 almost peaked at 200,000 ML/day. This is approximately 360 
multiples of the median flow (553 ML/day) at Mollee, indicated by the horizontal red bar in Figure 
5.3. 
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Figure 5.3 Flood peaks (1973-2012), Namoi River at Mollee 
Source: NSW, Office of Water, 2008 
 
From the flood frequency and magnitude data, it appears that a significant volume of water is 
available from the flood events. The magnitude of floods in the Namoi River suggests that part of 
this water can be used to recharge aquifers if it does not affect the important ecological 
requirements in the river systems. Such peaks may be more frequent in future under climate 
change (Chiew et al., 2008; Barron et al., 2011). The next section will examine that how much of 
this floodwater could be made available for consumptive uses and for MAR under existing water 
allocation rules in the lower Namoi Catchment. 
5.4 Supplementary water availability during high streamflow 
The Water Sharing Plan (The Plan) for the Upper Namoi and lower Namoi Regulated 
River Water Sources (NSW DIPNR, 2004) commenced on 1 July 2004 and applies for a period 
of ten years to 30 June 2014. It is a legal instrument made under the Water Management Act 2000. 
The Plan includes rules for protecting the environment, regulating surface water extractions, 
managing licence holders' water accounts, and overseeing water trading in the area. The Plan 
states the extraction rules for supplementary water entitlements held by irrigators under flood 
events. Under The Plan, floodwater that is not already allocated is assumed to be environmental 
water, except that holders of the supplementary access licences can extract water during the 
announced supplementary periods. Such access periods are typically during floods and periods of 
high streamflow, when dams spill and flows are in excess of licensed obligations and 
environmental needs (Burrell et al., 2011). 
Under The Plan the volume of water that may be taken from a supplementary access event 
depends on the time of year. The Plan provides all the basic rules for capture of water during each 
supplementary event. However, the rules defining the threshold for the announcement of a 
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supplementary access event are complex and depend on many factors. The rules in The Plan detail 
the various indicative start, stop and flow triggers for a supplementary access event at different 
locations. In addition, the available volume of water for extraction varies for different times of 
the year, up to 10 percent of the event volume between 1 July and 31 October and up to 50 percent 
during other times. 
Arshad et al. (2012) made a quantitative assessment of the volume of water from high 
streamflow events. This was achieved by analysing daily streamflow data (NSW, Office of Water, 
2008), from 1973-2012 at the Mollee gauging station. For the analysis, daily instantaneous flow 
data for the Namoi River at Mollee gauging station, from 1973-2008, were obtained from Historic 
data on the DVD "PINNEENA" for Continuous Monitoring PINNEENA CM - version 9.2 (NSW, 
Office of Water, 2008). The most recent (2009-2012) instantaneous streamflow data was 
downloaded from the NSW Office of Water website. 
5.5 Rules for capturing supplementary water  
Whilst the Plan provides all the basic rules for share and capture of water during each 
supplementary event, however, the rules defining the threshold for the announcement of a 
supplementary access event are not clear and depend on several factors. The rules in The Plan 
detail the various start, stop and flow triggers for different locations and the different scenarios 
that apply. Announcement of a supplementary access event also depends on the volumes of water 
allocations in the regulated river, including general security access licence accounts. And as 
mentioned, the available volume of water for extraction varies for different times of the year, from 
10 percent to 50 percent. A water user is only able to extract supplementary water when, amongst 
other things, their supplementary water account balance is in credit. After meeting all other 
requirements, supplementary access is only available when the uncontrolled flows are surplus to 
environmental and other needs and is only permitted in accordance with announcements made by 
the Minister’s Office of Water. 
In the absence of any published threshold volume that could be used to establish the start 
of a supplementary event, Arshad et al. (2012) adopted a threshold of 37.8 GL/day. This threshold 
was based on the peak flow of the Namoi River on 1st August 2011 at Gunnedah when the river 
level was more than one metre higher than the river bank (Burrell et al., 2011). With more than 
one metre of inundation in the floodplain it is assumed that all the basic environmental and 
ecological requirements are met locally and downstream. 
5.6 Water availability for MAR from the flood events  
By applying the stated supplementary access rules in the Water Sharing Plan, Figure 5.4  
bifurcates shares of irrigation and environmental water for each of the supplementary water events 
in the lower Namoi from 1973- 2012.  
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Figure 5.4 Shares of Irrigation and Environmental Water (1973-2012) 
Supplementary access set at a threshold of 37.8 GL/day, Namoi River at Mollee  
Data Source: NSW, Office of Water (2012) 
 
In the 40 year period between 1973 and 2012, there were 120 high streamflow events 
exceeding the threshold of 37.8 GL/day. The number of supplementary water access events and 
share of Irrigation and Environmental water (1973-2012) is also shown in Table 5.1. These flows 
could have provided an average 85 GL of water per year for aquifer storage.  
Table 5.1 Number of supplementary water access events and share of Irrigation and  
Environmental water (1973-2012) 
Data source: NSW Office of Water, 2012 
 
Year No of High 
streamflow events > 
37.8 GL/day 
Irrigation water (GL) Environmental 
water(GL) 
1974 8 546 546 
1976 11 468 468 
1977 20 691 691 
1984 14 414 713 
1989 3 76 76 
1990 3 11 96 
1991 1 20 20 
1992 4 114 114 
1997 4 97 97 
1998 22 171 1,541 
2000 8 74 665 
2004 2 77 77 
2010 7 164 164 
2011 6 143 143 
2012 7 318 318 
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In summary, the availability of supplementary water access depends on the rules in The 
Plan, the nature of the event, any water restrictions that may be applicable at the time and the 
account balances of supplementary access licences. During times of high streamflow, including 
large floods, water is still available for extraction for consumptive uses under the rules stated in 
The Plan. In practice, demand is very low during times of flood, thus water extraction is low in 
comparison to the flood volume. The estimated average volume of 85 GL/year is a significant 
amount of water that can be stored within the large aquifers of the lower Namoi. On average once 
every four years, 340 GL of water may be available under current supplementary allocation rules. 
According to the water accounting report of the lower Namoi during the first nine months of the 
water year 2010-2011, a total of 279.18 GL of supplementary water was announced and extracted 
during events of high streamflow, which is consistent with the findings of this analysis. The 
amount of supplementary irrigation water is highly variable from year-to-year, ranging from 11 
GL in 1990 to 691 GL in 1997. This large variability in the volume of water potentially available 
for MAR will require a dynamic management framework and handling system, with staged 
surface storage(s) to capture and stabilise the floodwater before recharging it into the aquifers. 
Another aspect that needs to be considered is how to maintain MAR infrastructure functional 
when there is little or no water available during droughts.  
5.7 Hydrogeologic potential and constraints for Managed Aquifer 
Recharge and storage in the lower Namoi catchment 
In this section an overview of Hydrogeologic opportunities and some constraints for MAR 
is presented. Knowledge concerning infiltration, injection and recovery rates are particularly 
focused upon because Hydrogeologic opportunities that mark MAR as desirable and a low cost 
option primarily include high infiltration rate and high injection and recovery rates (Maliva, 
2014a). The three variables, infiltration, injection and recovery rates, will be used in the financial 
analysis (Chapter 6) and in the analysis of cross-over points (Chapter 7). Values of the three 
mentioned variables are reviewed and reported from theory and from actual MAR projects around 
the world to inform what ranges of infiltration, injection and recovery rates could be possible in 
lower Namoi Catchment. 
Floodplains in the lower parts of major catchments in the Murray-Darling Basin, including 
the lower Namoi, where opportunities for capture of floodwater exist, in most situations have 
favourable Hydrogeologic conditions for managed aquifer recharge. In these situations the 
alluvial sediments offer storage opportunities either through surface recharge or deep injection of 
harvested water into aquifers, depending on type of aquifers and local hydrogeology. Alluvial 
aquifers occurring beneath the flood plains, which are  also referred to as Wadi aquifers or 
paleochannels, consist of layered sediments containing a variety of lithology ranging from 
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boulders and clean gravels to porous sands and muds, which are favourable for aquifer storage 
(Missimer et al., 2014).  
Key components for Hydrogeologic feasibility of MAR would require; 
i) Assessing the infiltration, injection and recovery rates,  
ii) Determining that there is sufficient space in the aquifer for storage, and  
iii) Assessing that quality of native and stored MAR groundwater will not deteriorate due 
to mixing of salts and other pollutants. Assessment will also be needed to know that 
significant percentage of the recharged water would be recoverable and that it will 
not naturally discharge to the surface streams and wetlands, nor will it result in 
developing groundwater mounds. 
5.7.1 Infiltration, injection and MAR recovery rates 
The volumetric infiltration rate is the rate of decline of the water surface in an infiltration 
basin, if inflow is stopped and evaporation is ignored, on per unit surface area per unit time 
(Bouwer, 2002). Infiltration rates are commonly expressed in metres per day (m/day). As 
described in Chapter 3, surface infiltration systems require permeable surface soils where high 
infiltration rates can be achieved. Where high infiltrating soils are not available, water can be 
directly injected into aquifers using wells. Thus for MAR feasibility, infiltration rates of the soil 
must be determined and the unsaturated zone between the land surface and the aquifer must be 
assessed for presence of any impermeable layers. Bouwer (1999) estimated typical hydraulic 
conductivity values (long term infiltrations rates) for different soil types and are shown in Table 
5.2.  
Table 5.2 Hydraulic conductivity values for different soil types, Bouwer (1999) 
 
Soil Type hydraulic conductivity (metre/day) 
Clay soils < 0.10 
Loams 0.20 
Sandy loams 0.30 
Loamy sands 0.50 
Fine sands 1.00 
Medium sands 5.00 
Coarse sands 10.00 
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Smith and Pollock (2012) reported hydraulic rates (rate at which water can be transferred 
underground) for basin infiltration and well injection from the operational Managed Aquifer 
Recharge facilities around the world, which are shown in Figure 5.5 
 
 
 
Figure 5.5 Reported hydraulic rates for basin infiltration and well injection 
Source: reported from Smith and Pollock (2012) 
 
The scale of these reported aquifer recharge facilities extends across five orders of 
magnitude from less than 0.1 ML/day to greater than 100 ML/d. The data in Table 5.2 and Figure 
5.5 indicate that both infiltration and injection rates vary substantially and are dependent on site-
specific conditions. Differences in the reported infiltration and injection rates may also be 
attributed to differences in the source water quality, soil and aquifer types and technology options 
to recharge water. 
The aquifers of the lower Namoi alluvium consist of unconsolidated sediments that include 
inter-bedded clays, sands and gravels. These sediments have accumulated over more than 15 
million years to a maximum depth of about 120 m (CSIRO, 2007). In most areas of the lower 
Namoi alluvium three aquifer systems are identified, the upper shallow Narrabri Formation, the 
middle Gunnedah Formation and a third deeper aquifer associated with the palaeochannel is the 
Cubbaroo Formation, below the Gunnedah Formation. In some areas there is no marked 
difference between the identified aquifer systems and they may act as a single aquifer due to 
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hydraulic connectivity (Kelly et al., 2013). The Gunnedah Formation (middle aquifer)  is the most 
extensive over the area and generally occurs between 40 to 90 m depth. The Cubbaroo Formation 
(palaeochannel) occurs approximately 90 m below ground.  
5.7.2 Infiltration Injection and recovery Rates in the lower Namoi  
Infiltration and injection rates can highly influence the feasibility and usefulness of any 
aquifer recharge and storage facility. With relatively clean and low turbidity river water, 
infiltration rates for surface infiltration systems are reported in the range from 0.3 to 3 metre per 
day (see Table 5.2). For systems that are operated year-round, long-term infiltration rates vary 
from 30 metre per year to 500 metre per year (Bouwer, 1999), depending on soil type, water 
quality and climate. Estimation of actual and precise infiltration and injection rates are only 
possible through long term field trials and geophysical investigations. In the lower Namoi, 
Catchment the infiltration rate of 0.2 m/day is considered to be likely achieved in many locations 
because the alluviums of lower Namoi represent soil types between sandy loams to clay (Table 
5.2) with possible infiltration rates between 0.1and 0.3 m/day. 
ASR can achieve injection rates from 0.5 to 8 megalitres per day (ML/day) per borehole. 
In the absence of accurate well injection rates based on field monitoring, Pyne (2005) observed 
that injection rates increased with increasing aquifer transmissivities. For the lower Namoi 
aquifers, Williams et al. (1989) reported that the alluvial aquifers that are primarily tapped for 
irrigation extraction are associated with the semi-confined Gunnedah and Cubbaroo formations 
and have transmissivities in the range of 1000–2000 square meters per day (m2 day−1). The yields 
from bores tapping these aquifers vary, up to 250 litres per second, in the Gunnedah Formation at 
depths of 60–90 metre and in the deep Cubbaroo Formation at depths of 80–120 metre. The 
shallow Narrabri Formation has transmissivities less than 250 m2 day−1. For the lower Namoi, an 
assumed injection rate between 25-50 litres per second could be possible for an ASR well. 
Low recovery of MAR water can be of concern for locations where surface water and 
groundwater connectivity exists and where streams and rivers gain groundwater from aquifers, 
which is rare in lower Namoi. Low recovery is possible only in aquifers that contain brackish or 
high salinity water, due to the mixing of fresh recharge water with the native high salinity 
groundwater. This may be a concern in some parts of the lower Namoi, particularly areas where 
drops in groundwater hydraulic heads have resulted in the mixing of saline and freshwater within 
different layers of aquifers. In areas of excessive groundwater extraction, groundwater hydraulic 
heads can drop and allow saline water to enter into pumping wells (Williams et al., 1989), thereby 
increasing the salinity levels of the recovered water and resulting in less recovery of the volume 
of freshwater recharged initially. 
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In the lower Namoi, more than four decades of groundwater pumping have dropped the 
water levels, and in many places, rivers and streams (naturally) recharge groundwater, such that 
opportunity for aquifer storage exists at a large scale. This results in potentially extremely high 
recovery rates (100%-95%) and low loss rates, as a farmer benefits from contributing water to a 
common pool rather than being restricted to physically retrieving the water that they recharged. 
The system of surface and groundwater water rights means that injected or infiltrated water could, 
in principle, be allocated to the farm anyway, in a form of “regulatory storage” (Maliva and 
Missimer, 2010; Arshad et al. 2014). 
5.7.3 Space for aquifer storage in lower Namoi aquifers 
Since groundwater monitoring began in the late 1960s, groundwater levels throughout 
lower Namoi aquifers have been declining. According to CSIRO (2007) groundwater extraction 
from the lower Namoi alluvium exceeds the long term average extraction limit (LTAEL) reported 
as 86 GL/year. Furthermore, the LTAEL exceeds the total groundwater recharge from all sources 
and exceeds the annual recharge in most years. 
There has been a clear trend of falling groundwater levels in the lower Namoi aquifers. 
The largest declines in groundwater levels are associated with the lower, semi-confined aquifers 
where groundwater level has fallen between 1–7 m during 1998-2008 (Kelly et al., 2013). 
However, during the wetter years (1996–2001) when less groundwater was extracted, water levels 
in most parts of the aquifer partially recovered. Since the onset of the drought in 2001 water levels 
again continued to decline. In the water year 2006–07, many areas in the lower Namoi 
experienced their lowest water levels since the late 1960s. Figure 5.6 shows water level decline 
in deep aquifers between 5 and 30 m in different parts of the deep aquifer from the base year of 
1960 (Smithson, 2009). 
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Figure 5.6 Water level decline in deep aquifers since 1960-2008 
Source: (Smithson, 2009) 
 
Section 5.6 estimated an average availability of 85 GL of floodwater per year for managed 
aquifer storage. The amount of supplementary irrigation water, however, is highly variable from 
year-to-year. High variability in the occurrence of floods, and unpredictability to estimate 
availability of a fixed volume of floodwater for MAR, means that for a regional-scale MAR it 
would be sensible to adopt a conservative approach and establish a scale (size) of MAR that can 
receive floodwater for aquifer storage with sufficient confidence in most years.  
Chapter 6 considers a regional scale MAR scheme with 59 GL, 85 GL and 116 GL of 
aquifer storage respectively in extreme dry, median (best estimate) and extreme wet years. This 
estimated future water availability is based on the findings of rainfall-runoff modelling (CSIRO, 
2007) and projected surface flow under different climate change scenarios in the Namoi region. 
Thus a regional scale MAR scheme in the lower Namoi would require an aquifer storage space 
between 59 and 116 GL, as a major portion of the stored volume from MAR is expected to be 
recovered in each year, this will allow the space available for aquifer storage in the following 
years. 
A recent study (Kelly et al., 2013) confirmed that groundwater hydrographs throughout 
the lower Namoi Catchment display a downward trend due to the long-term effects of 
groundwater extractions. Their analysis was based the observed groundwater hydrographs 
between 1988 and 2008. This shows that groundwater is withdrawn at rates higher than the natural 
replenishment rates. This large level of decline in the water levels has resulted in decline of 
hydraulic pressure and an emptying of aquifer space, which may be multiples of the required 
aquifer storage space between 59 and 116 GL, for managed aquifer storage. 
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Estimation of aquifer storage space is possible through groundwater modelling. This will 
require knowledge of aquifer geometry, carrying out time series groundwater hydrograph analysis 
and knowing the hydraulic properties of the aquifer including its specific yield under unconfined 
conditions and storativity values of each confining layers in confined conditions. Storativity is a 
measure of the amount of water that can be extracted per unit change in aquifer head from a 
confined aquifer and can be highly variable spatially due to aquifer heterogeneity. 
An alternative approach to estimate aquifer storage capacity is a transient-water balance 
approach. This will require long-term data sets of natural aquifer recharge and groundwater 
extraction from all sources. However, the availability of long term Hydrogeologic data sets may 
be limited in many parts of the world. Loáiciga (2008) estimated aquifer storage space of the 
Edwards Aquifer in south-central Texas by using a transient-water balance for the period 1934–
2005. 
5.7.4 Possible hydrogeologic constraints for MAR in the lower Namoi  
Groundwater mounding and increase in the salinity levels of the recovered water can be 
two possible constraints for an MAR project in the lower Namoi. Several locations in the lower 
Namoi that were once gaining streams are now losing streams due to overdraft from aquifers 
(CSIRO, 2007). This pattern of losing streams is expected to avoid groundwater mounding. Prior 
to extensive development of the lower Namoi groundwater resources, recharge from stream losses 
to aquifers were about 9 GL/yr, whilst from 1980-1998 stream losses accounted for an average of 
41 GL/yr (Timms et al., 2009). Further, because floodwater is typically of lower salinity than the 
ambient groundwater in the lower Namoi, this enhanced level of stream losses to aquifers could 
lead to freshening of aquifers and lowered salinity levels of recovered groundwater. Timms et al. 
(2009) reported improved salinity levels of groundwater in wells near the river that can be 
attributed to changes in gaining and losing stream patterns and recharge of floodwater to aquifers 
under natural conditions. In most situations, this increasing trend of stream losses to aquifers 
would possibly avoid the risk of any groundwater mounds that could be developed under managed 
conditions. This favours the initiation of managed aquifer recharge which is expected to lower 
the salinity levels of the ambient groundwater and reduce the risk of building groundwater 
mounding. 
However, application of MAR may be limited in aquifers that contain brackish or high 
salinity water, due to the mixing of fresh recharge water with the native high salinity groundwater. 
This may occur in some parts of the lower Namoi, particularly areas where drops in groundwater 
hydraulic heads have resulted in the mixing of saline and freshwater within different layers of 
aquifers. In areas of excessive groundwater extraction with top aquifer being saline, groundwater 
hydraulic heads can drop and allow saline water to enter into pumping wells (Williams et al., 
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1989), thereby increasing the salinity levels of the recovered water and resulting in less recovery 
of the volume of freshwater initially recharged. 
5.8 Summary  
Hydrologic analysis in this chapter has found that high streamflow periods and floods offer 
a significant opportunity for diverting river water, and storing it in the aquifers of the lower Namoi 
Catchment. However, the amount of supplementary irrigation water is highly variable from year-
to-year, ranging from 11 GL in 1990 to 691 GL in 1977. This large variability in the volume of 
water potentially available for MAR will require a management and handling system with staged 
surface storages, that is capture and pre-treatment, before recharging it into the aquifers. 
The availability of supplementary water access depends on the rules in the Water Sharing 
Plan, the nature of the event, any water restrictions that may be applicable at the time and the 
account balances of supplementary access licences. The estimated average volume of 85 GL/year 
is a significant amount of water that can be stored within the large aquifers of the lower Namoi. 
On average once every four years, 340 GL of water may be available under current supplementary 
allocation rules.  
For MAR systems, infiltration and injection rates vary substantially and are dependent on 
site specific conditions. Estimation of the actual infiltration and injection rates is only possible 
through long-term geophysical investigations and field trials. Previous groundwater studies in the 
lower Namoi have demonstrated that historical groundwater extraction, supporting the irrigation 
industry since the 1960s, has been in excess of groundwater recharge. This has generated a storage 
space within the alluvial aquifer. The harvested supplementary water could be stored in either the 
shallow unconfined aquifer, or the semi-confined aquifers from which the irrigation bores extract 
groundwater. Likewise the losing pattern of streams to groundwater in the lower Namoi is 
expected to lower the salinity levels of the ambient groundwater and not pose a risk of 
groundwater mounding from aquifer recharge under managed conditions. In some areas of 
excessive groundwater extraction where the top aquifer is saline, as saline water can enter into 
pumping wells, this may increase the salinity levels of the recovered water. 
The next chapter assess the financial feasibility of MAR and carries out financial cost-
benefit analysis of surface water storage and MAR in the irrigation landscape. 
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Chapter 6 Cost-benefit analysis of Managed 
Aquifer Recharge 
6.1 Introduction 
This chapter carries out financial cost-benefit analysis of surface water storage and 
managed aquifer recharge in the irrigation landscape. The financial analysis in this chapter 
considers all irrigation-related costs and benefits under three different water storage scenarios 
which are: surface storage in farm dams, aquifer storage using basin infiltration, and aquifer 
storage via ASR using existing wells. The chapter provides an overview of cost-benefit analysis 
(CBA) and its application, especially in water resource management. The chapter explains the 
framework and “standard” assumptions for the financial analysis and compares the costs of MAR 
options with surface storages in Australia. Financial analysis of a regional-scale MAR scheme in 
the lower Namoi Catchment is outlined and its financial implications are discussed under three 
different climate change scenarios. Preliminary results of this chapter were published in the 
Proceedings of 20th International Congress on Modelling and Simulation (Arshad et al., 2013) 
and its extension in Dillon and Arshad (in press). 
In many parts of the Murray-Darling Basin, overdraft of aquifers is resulting in falling 
groundwater levels in the shallow unconfined aquifers and decreasing groundwater pressures in 
the deep confined and semi-confined aquifers (MDBA, 2012). In response to the groundwater 
overdraft, the New South Wales (NSW) government has reduced current groundwater 
entitlements in stressed aquifer systems (Smithson, 2009). For the lower Namoi Catchment, a 
highly developed cotton irrigation district in NSW, this cutback translates to a reduction of 21 
gigalitres (GL) per year in groundwater entitlements for irrigation by 2014 and beyond. 
Groundwater in the Namoi River Catchment supports an irrigation industry worth in excess of 
380 million dollar annually (Australian Cotton Growers, 2012).  
On the other hand evaporative losses from surface storages in the lower Namoi are 
significant. The normal practice is that all irrigation water is stored and routed from surface 
storages before application to the irrigation field. On average, evaporative losses range from 1200 
to 1800 mm/year (Wigginton, 2011) from the surface water storages, which constitute 35% to 
50% loss of the stored irrigation water. 
To tackle the problem of reduced allocation and evaporative losses, improving water use 
efficiency at the farm level is an obvious option. This will include installing drip irrigation 
systems, lining water courses and further improving the design of surface storages to minimize 
evaporative and seepage losses. Improving water use efficiency needs to be a stepwise approach 
because of its high initial cost. For example, central pivot and drip irrigation systems can achieve 
90%-95% water application efficiency but with high initial costs, approximately $2500/ha 
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(Qureshi et al., 2001). Another potential option to reduce evaporative losses is to store water 
underground in aquifers using managed aquifer recharge. In recent years, several studies have 
highlighted the potential of a regional-scale MAR project in the lower Namoi. Rawluk et al. 
(2012) showed a high level of social acceptability for an MAR project in the study area. Similarly, 
Arshad et al. (2012) and Chapter 5 indicated that a significant volume of water could be available 
from large floods for MAR while still satisfying environmental flows and ecological 
requirements. 
The next section provides an overview and application of cost-benefit analysis in water 
resource management. Section 6.3 explains details in our framework for cost-benefit analysis. 
Cost estimates of MAR and alternatives from operational and modelled projects in Australia are 
reviewed in Section 6.4 to compare cost estimates of similar options for the lower Namoi. Next, 
in Section 6.5, costs and benefits of MAR and surface storage of water at the farm and regional 
scale are presented for the lower Namoi. Results of the CBA are presented and discussed in 
Section 6.6. Sensitivity analysis of key variables is carried and discussed by changing the value 
of one variable at a time and observing the corresponding change in the NPVs of the each of three 
water storage options. Section 6.7 outlines and discusses the prospects of, a regional-scale MAR 
in the lower Namoi Catchment. 
6.2 An overview and application of cos-benefit analysis  
Cost-benefit analysis (CBA) is a quantitative analytical tool to aid decision-makers in 
policy options for efficient allocation of resources. CBA provides a comparison of benefits and 
costs resulting from a proposed policy or an investment. It has been widely used in economic and 
financial analysis of public infrastructure projects such as water supply, irrigation dams and 
hydro-power projects for more than 70 years. The first application of CBA originated from the 
need to decide between alternative federal water projects in the 1930s in the USA (Griffin, 2006). 
The scope of CBA has widened since the 1970s to inform policy decisions related to 
human health and the environment (Ward, 2012). In particular, it has become a common decision 
making tool for evaluation of water and water-related environmental policies and projects (Alcon 
et al., 2012). Hanley et al. (1993) provide fundamental guidelines for CBA application in the 
discipline of environmental management. There are many examples of CBA application in the 
water sector. To name a few, Jianbing et al. (2010) used CBA for assessing the financial feasibility 
of urban rainwater harvesting in China at a large spatial scale. Most recently, Halaburka et al. 
(2013) demonstrated a CBA application to assess  the economic and ecological benefits of water 
recycling for stream and wetland restoration compared to the alternative of an ocean outfall 
discharge of recycled water in northern California. Donovan et al. (2002) and Khan et al. (2008) 
used CBA to evaluate financial feasibility of artificial recharge of groundwater in the USA and 
Australia respectively. 
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A major advantage of CBA over other decision making tools is that it gives a comparison 
of a policy with alternatives by providing clear links between inputs (costs) and outcomes 
(benefits) in dollar (monetary) terms, and it states the underlying assumptions, and point to 
information gaps (Commonwealth of Australia, 2006). CBA therefore provides the decision-
maker with a useful tool to compare competing investment alternatives, which theoretically 
indicates the most efficient alternative. 
Various decision criteria such as Net Present Value (NPV), Benefit-Cost Ratio (BCR) and 
Internal Rate of Return (IRR) are used in the CBA of an investment. The NPV is the preferred 
and most commonly used selection criterion because of its simplicity and generality 
(Commonwealth of Australia, 2006). NPV considers both the initial costs of a project and benefits 
that might occur over the life of the project. Future benefits and costs are discounted at an 
appropriate rate. The basic NPV equation is expressed as: 
𝑁𝑃𝑉 = −𝐶0 +
∑𝐵𝑖
(1 + 𝑟)𝑖
 −  
∑𝐶𝑖
(1 + 𝑟)𝑖
 
Where 𝐶0 is the initial (capital) costs in year 0; 𝐵𝑖 and 𝐶𝑖 are the benefits and costs in year 
“i” and “r” is the discount rate. 
Discount rates reflect the time value of money. Benefits and costs are worth more if they 
occur sooner. The higher the discount rate, the lower is the present value of future benefits and 
costs (Ward, 2012). In order for an investment to be preferred over alternatives, the NPV of an 
investment must be positive, that is greater than zero, or BCR must be greater than 1. The IRR is 
the discount rate at which the NPV of the project is zero and entirely relies on the judgment of a 
decision maker as to whether this rate of return is acceptable or not. Alternative to CBA, two 
commonly used decision support methods are cost-effectiveness analysis and environmental 
impact analysis that are used for financial analysis of water infrastructure projects (Ward, 2012). 
Each method requires less information than a CBA and they are commonly used in situations 
when least cost and smallest environmental impacts, rather than quantification of benefits, are 
major criteria for decision making. 
Investments in water infrastructure projects need to be justified in terms of the benefits 
that must exceed the construction and operational costs. The costs of the projects should also be 
less than the costs of alternatives that provide the same benefits. CBA can be used to evaluate 
MAR projects, where their costs and benefits can be quantified in monetary terms. However, CBA 
of water projects, including MAR, are challenged by the difficulty of accurately quantifying the 
value of water, which in many instances can vary greatly, depending upon its use (Maliva, 2014a). 
In the context of environmental decision making, CBA also has its weaknesses. It can be difficult 
to determine the value of the benefits and costs with a high level of confidence, and it can be 
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difficult to express those values in monetary terms (Sunstein, 2005; Griffin, 2006; Greyling and 
Bennett, 2012), for example in putting a dollar value to ecosystem benefits of protecting a river 
or wetland.  
6.3 The framework and “standard” assumptions for financial 
analysis 
Carrying out a comprehensive feasibility assessment is essential, as explained in Chapter 
3. But before conducting costly technical feasibility studies through geophysical and 
Hydrogeologic investigations, a first step in establishing an MAR scheme requires assessing the 
financial feasibility to provide a basis for other investigations to proceed. The financial analysis 
in this chapter considers irrigation related costs and benefits under three different water storage 
scenarios which are: surface storage in farm dams, aquifer storage using basin infiltration, and 
aquifer storage via ASR using existing wells.  
Let us begin by considering a typical irrigation farm in the lower Namoi catchment. The 
annual irrigation water allocation in the lower Namoi catchment consists of regulated surface 
water access, supplementary surface water access to capture floodwater and groundwater access 
under aquifer access licence and groundwater supplementary access licence. Irrigation water 
allocations can vary each year, and depend on the total water availability in that particular year. 
Irrigation water allocation in each year consists of a certain percentage of the approved irrigation 
entitlements. The annual irrigation water allocation from all sources for a typical irrigation farm 
in the lower Namoi is approximately 1350 ML. It consists of 400 ML of regulated surface water, 
which is 25% of the average entitlements of 1600 ML. Irrigation water allocation also includes 
200 ML of surface water under supplementary access (floodwater entitlements), which is 25% of 
the average allocation of 800 ML entitlements and 750 ML of groundwater which is 100% of the 
aquifer access entitlements. 
However, this analysis only considers the costs and benefits of 200 ML of floodwater, 
which is only 25% of floodwater allocation and is based on recent statutory allocations of 
floodwater in the study area. Further, the analysis considers a hypothetical cotton irrigation farm 
which has three different water storage and management options. Only less than 20% of the 
available land is irrigated due to limited water availability, thus irrigated land in each year is 
variable. Irrigated cotton Bt (Bacillus thuringiensis) and faba bean (Vicia faba L) are the 
sustainable summer and winter rotations that provide the highest financial returns per megalitre 
(ML) of irrigation water applied. Pigeon pea is planted as a refuge/sacrificial crop for pest control 
with irrigated cotton on about 5% of the cotton area, this replaces the need of pesticide use. Gross 
margins per ha and per ML of the cotton crop have been adjusted in relation to the refuge crop. 
Gross margin for pigeon pea is estimated as -$75/ML or -$456/ha. Gross margin for pigeon pea 
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is negative as the cost of input is considered without any direct harvesting benefits of the crop. 
The benefits of pigeon pea plantation are accounted for in the increased cotton yield. 
Dryland farming with winter wheat, chick pea and faba bean is carried out on marginal 
lands and also on paddocks that remain uncultivated by irrigation water. However, costs and 
benefits of dryland farming is not covered in this analysis in order to accurately highlight the 
value addition of only floodwater irrigation, by comparing irrigation benefits of storing 
floodwater in surface storage and underground, using MAR.  
As a result of aquifer storage, environmental costs and benefits may occur but they are not 
covered in this analysis. It is assumed in the analysis that all required irrigation infrastructure, 
such as surface storage and the irrigation water delivery network, are already built for the entire 
irrigation land, given that it is a common practice in the study area. Farm economic data, such as 
the variable cost of farm inputs, cotton prices and gross margins from irrigated land, are adopted 
from Powell and Scott (2011) and NSW Department of Primary Industries (2013). Table 6.1 
summarises crop yields and gross margins of irrigation water from a representative cotton farm 
in lower Namoi. 
Table 6.1 Crop yields and gross margins of irrigation water in the lower Namoi Catchment   
Source: Powel and Scott, 2011 and DPI, NSW 2013 
 
Crop 
Irrigation 
Water 
Use 
Yield Price 
Gross 
Value 
Variable 
Cost 
Gross 
Margin 
Gross 
Margin 
ML/ha *$/bale *$/bale *$/bale $/ha $/ha $/ML 
  $/Tonne $/Tonne $/Tonne       
Irrigated cotton 
(Bt) 
7.9 9.5* 538* 5,111* 2,505 2,606 310 
Irrigated faba 
bean 
2.7 5 348 1,740 565 1,175 435 
* Cotton, price is in $/bale including both lint and seed 
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One limitation of previous studies on cost-benefits analysis of MAR for example, as 
represented by Arshad et al. (2013) and Khan et al. (2008), was that they assumed a single 
(average) basin infiltration rate that could be possible in one location. However, as highlighted 
earlier in Chapter 5, basin infiltration and (also ASR injection and recovery rates) may be 
uncertain due to Hydrogeologic heterogeneity. Analysis in this chapter covers this gap by 
considering a range of infiltration rates and by estimating the cost of basin infiltration option and 
resulting irrigation benefits with various infiltration rates. This financial analysis also considers 
the comparative cost and benefits of surface storage and for an ASR facility using an existing well 
(borehole). 
6.4 Cost estimates of MAR options in Australia 
It is important to analyse benefits and costs of surface water and groundwater storage 
options in the same location because the comparison of benefits and costs is complicated by the 
wide range of biophysical, socio-economic and institutional settings in which MAR occurs. 
Further the cost of infrastructure based MAR systems depends on a number of factors such as 
local hydrogeologic conditions, method of recharge (filtration or injection system), water 
treatment processes, the cost of acquiring source water and the cost of land and new infrastructure 
for the recharge and recovery facilities. 
There are a few analyses that compare surface water and groundwater storage benefits and 
costs at the same location. Results from some of the small number of studies that compare benefits 
and costs of surface water and groundwater storages in the same location in Australia are reported 
here. The studies reported here do not include an analysis of environmental and social/cultural 
benefits. Underground water storage minimises evaporative losses as well as uses less land than 
surface storage. For these reasons, underground water storage appears likely to have smaller 
environmental impacts than surface reservoirs. The next section summarises the cost of MAR 
options and its comparisons with alternatives from case studies in Australia. 
6.4.1 Cost of an ASR facility from urban stormwater  
Dillon et al. (2009b), calculated the costs of ASR facilities from eight stormwater 
operational ASR projects in South Australia, with capacities between 75 and 2000 ML/year. The 
costs reported in this section exclude the value of land occupied by wetlands used for water 
harvesting, although land has its opportunity cost if not grown and used for water 
harvesting/storing. In all reported cases the farmers already owned this land. In most cases a 
wetland was required as a detention basin to prevent increased peak flows during storms as a 
result of new urban developments. Hence the land for the wetland was considered as contributing 
to the flood mitigation benefit, and the remaining costs, including wetland construction, were 
attributed to producing a water supply via ASR. 
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The adopted discount rate was 7% to reflect the time value of money and opportunity cost 
of capital items. The working life of ASR wells was assumed to be 15 years, for wetland systems 
25 years, and for distribution systems 50 years. It was also assumed that only 80% of injected 
water could be recovered at the salinity levels required for its intended irrigation use. Levelised 
cost, which is expressed in $/ML, was calculated as annualised cost to amortise capital cost 
components over their expected working life, added to the annual operating and maintenance 
expenses and divided by the annual volume of supply.  The mean levelised costs (in AUD 2008) 
for components of urban stormwater ASR projects for irrigation supplies is shown in Table 6.2   
Table 6.2  Mean levelised costs (in AUD 2008) for components of urban stormwater ASR 
projects for irrigation supplies in the size range 75 to 2000 ML/yr  
Adapted from Dillon et al. (2009b) 
 
Cost component 
Number of 
sites with 
costs 
Component 
cost as % of 
total cost 
Mean 
levelised 
cost ($/ML) 
a) Investigations 7 11 120 
b) Capital costs of water harvesting 5 25 280 
c) Capital costs of treatment, ASR, distribution 5 39 440 
d) Total capital costs (b + c) 8 64 720 
e) Total initial costs excluding land (a + d) 7 74 840 
f) Operation, maintenance and management  8 26 280 
Total levelised cost excluding land (e + f) 8 100 1120 
Note: Totals may not match due to rounding. 
The mean levelised cost for ASR (1120 $/ML) compared very favourably with 
consultant’s independently provided figures for two seawater desalination options ranging from 
2,450 $/ML to 3,760 $/ML. The ASR energy intensity of 0.10 KWh/KL compared favourably 
with seawater desalination and water distribution of 4.2 to 5.3 KWh/KL (Dillon et al., 2009b). 
The mean levelised cost from the sample of stormwater ASR projects was found to be between 
30% and 46% of that of seawater desalination, and greenhouse gas emissions of ASR were less 
than 3% of seawater desalination. 
Levelised costs for ASR reduced as recharge rate increased. For low permeability 
formations the levelised costs of recharge are elevated due to the capital and operating costs being 
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amortised over smaller volumes of water, and because additional water treatment may be required 
in order to avoid clogging of the well. The eight projects reported had injection rates from ~10 to 
~30 litres per second (L/s) per well.  Hence sites with higher well yields and transmissivities are 
preferred for ASR. 
An example in south-east Melbourne is reported in (Dillon et al., 2010). It indicated that 
levelised costs of ASR can increase substantially in formations with low transmissivity and low 
injection rates. The levelised costs of ASR exceeded 8,000 $/ML in a formation with a 
transmissivity of ~1 m2/day maintaining an injection rate of 0.4 litre per second (L/s), and 
requiring ultrafiltration and granular activated carbon filtration (see glossary of terms) as pre-
treatments to avoid clogging for recharge of 4 ML/yr. A more recent study of stormwater recharge 
on the Northern Adelaide Plains (Dandy et al., 2014) reported a levelised costs of 1,570 $/ML for 
an ASR system including the land value of the harvesting facility and capital and operating costs 
of the distribution system for public open space irrigation. 
ASR sites with higher ambient groundwater salinity generally allow a smaller proportion 
of injected water to be recovered at a salinity that is acceptable for its intended use.  Salinity levels 
of the recovered water are exacerbated where native groundwater has sufficiently high salinity 
that density-affected flow occurs (Ward et al., 2009) and a freshwater injection lens forms at the 
top of the aquifer. This is difficult to recover without also entraining some of the saline water 
underneath. Recovery efficiency therefore also influences the levelised cost of ASR operations 
and needs to be taken into account wherever the native groundwater is of high salinity. 
6.4.2 Cost of regional (rural) aquifer storage 
Khan et al. (2008) estimated costs and benefits of MAR in the lower Murrumbidgee, New 
South Wales. The scheme used a combination of infiltration and bore injection (ASR) methods 
to recharge 180,000 ML per year. The study revealed that aquifer storage can be developed at less 
than half the cost of surface storage facilities. Khan et al. (2008) estimated costs by assuming a 
20-year life for infrastructure, and using a discount rate of 7%. With simulation modelling, an 
injection of 8 ML per day per borehole was assumed for a range of locations. A total recharge 
plus extraction cost of 171 $/ML was determined for the situation in which injection and 
extraction occurs from the same bore.  The predicted MAR costs compare favourably with that 
for en route surface storage in the same area, which has been estimated by Pratt Water (2004) as 
326 $/ML. 
The cost of basin infiltration systems is expected to be substantially lower than the ASR 
costs. The unit cost of recharge depends strongly on the infiltration rate in the basins, and rates 
vary between basins and depend on soil infiltration rates and the depth of the watertable. For 
example, in the Burdekin Delta, Queensland, where 5000 ML is recharged per year using the 
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basin infiltration method, the levelised costs at 7% discount rate is estimated to be 50 $/ML for 
recharge and 20 $/ML of recovery, totalling 70 $/ML. Similarly in the Murrumbidgee region, 
Khan et al. (2008) assumed recharge of 90,000 ML per year to be possible, the recharge plus 
extraction cost was calculated to be 62 $/ML where existing bores were used for extraction, and 
92 $/ML where new bores were required for recovery (i.e. additional cost of 30 $/ML associated 
with new bores). 
In general, recharge is least expensive where soils are permeable and aquifers are 
unconfined and fresh (not saline). Levelised costs may be approximately an order of magnitude 
less than the costs of recharge via ASR wells.  ASR is most cost effective in aquifers that are 
transmissive and contain fresh or only mildly brackish ambient groundwater.  It is attractive in 
urban areas where the value of recovered water is very high and opportunity cost of alternative 
water supply compared to the water recovered through ASR is high. ASR requires very small land 
area and if storing water in confined aquifers the groundwater resource is protected from 
overlying land uses.  
6.5 Cost and benefits of MAR and surface water storage in lower 
Namoi   
Cost estimates of aquifer recharge are rare and can vary considerably with location. The 
estimated costs (and benefits) for the lower Namoi are based on the below stated “standard” 
assumptions. Itemized costs for this study, are presented in subsequent paragraphs, were 
estimated by combining the cost of earthworks, cost of services and materials for water 
infrastructure projects in other parts of Australia, but were adjusted to the local situation and 
market rates in the lower Namoi Catchment. The estimated costs were compared with a few 
published data and technical reports including Khan et al. (2008), Dillon et al. (2009) and Pyne 
(2010).  
Capital costs of basin infiltration were estimated by assuming a range of infiltration rates 
(0.1- 0.3 m/day) and by calculating the land area required to achieve an assumed 200 ML of 
recharge per year through basin infiltration and via ASR with assumed injection rate of 2.2 ML 
per day per well. Note that the target floodwater harvested volume of 200 ML would generally 
appear in four or more episodes in a flood year, as discussed in Chapter 5. It is assumed that 
floodwater will be collected and temporarily stored in surface farm dams before recharge. An 
infiltration pond with surface area of 1 ha and with an infiltration rate of 0.2 m per day will 
recharge 50 ML of floodwater in a cycle of 25 days. Conversely, with the low infiltration rate of 
0.1 m/day, a pond with surface area of 2 ha will be needed to recharge 50 ML in the same period, 
resulting in higher capital and levelised costs.  
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The cost of underground storage is primarily influenced by the hydrogeologic features of 
the target aquifer and the choice of method considered technically suitable to accomplish the 
recharge. Apart from the infiltration and injection rates, the quality of source water can also 
influence the cost of any aquifer recharge and storage facility because of additional cost of 
treatment.  
Typical infiltration rates for surface infiltration systems, reported in the literature, range 
from 0.3 to 3 m/day with relatively clean and low turbidity river water -see Bouwer (1999). For 
systems that are operated year-round, long-term infiltration rates vary from 30 m/year to 500 
m/year, depending on soil type, water quality and climate. More details of long-term infiltration 
rates for basin infiltration system are available from Bouwer (2002). 
For the lower Namoi Catchment the capital costs of basin infiltration systems at various 
infiltration rates were calculated and are shown in Figure 6.1 
 
Figure 6.1 Capital costs of basin infiltration systems at various infiltration rates 
 for the lower Namoi Catchment 
 
The Capital cost of basin infiltration includes the cost of earth works and laying of pipes. 
Ongoing costs include operation and maintenance of water harvesting and recovery and cost of 
basin de-silting. An existing bore is assumed to be available for recovery after basin infiltration 
or for injection and recovery in ASR. As already highlighted in Chapter 5, ASR can potentially 
achieve injection rates between 0.5 to 8 ML/day per borehole. For this analysis a conservative 
and assumed injection rate of 25 L/s (2.2 ML/d) is considered likely for an ASR well in the lower 
Namoi. The analysis assumed 40% evaporative losses from surface storage and 5% recovery 
losses from basin infiltration and ASR. In the base case of surface storage, the only cost 
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considered is the cost of harvesting 200 ML of floodwater and the cost of annual maintenance of 
the associated farm dam. 
The capital cost of an ASR facility on an existing farm primarily includes setting up a 
coagulation and filtration pre-treatment facility with capital cost assumed as 250 $/ML. Ongoing 
operation and maintenance costs for ASR include well flushing and cleaning, floodwater 
harvesting and water treatment and recovery. The analysis assumed a 30 year life span for surface 
storage and basin infiltration and 20 years for ASR and a 7% uniform discount rate for all options. 
All capital costs estimates are exclusive of land value. Table 6.3 outlines best guess (estimated) 
values of variables under our “standard” assumptions used for estimating the costs and benefits 
of surface storage and the two MAR options.  
Table 6.3 Best guess values of variables under “standard” assumptions for estimating costs and 
benefits of surface storage and MAR 
 
No. Variable  
Best guess value variables under 
“standard” assumptions 
1 Pumping cost 35 $/ML 
2 Surface evaporation rate 40% 
3 
Basin capital cost (at 0.2 
m/day) 363 $/ML 
4 Basin infiltration rate  variable 0.1 - 0.3 m/day 
5 Basin maintenance rate 10 % of capital cost 
6 MAR loss rate 5 % of storage volume 
7 ASR capital cost none for existing well and 820 $/ML for 
new well 
8 ASR treatment cost 250 $/ML (capital) and 150 $/ML (ongoing)  
9 ASR maintenance rate  3 % of capital cost 
10 Price of cotton  538 $/bale 
11 Price of faba bean 348 $/tonne 
12 
Discount rate (for all 
three options) 7% 
13 
Life span of surface 
storage  30 Year 
14 
Life span of basin 
infiltration  30 Year 
15 Life span ASR  20 Year 
 
Based on the best guess values and above stated assumptions, costs and benefits of MAR 
and surface water storage in the lower Namoi are shown in Table 6.4 and Table 6.5 respectively. 
Table 6.4 summarises the levelised costs of 200 ML of floodwater with each water storage option. 
Levelised costs are annual unit costs obtained by amortising capital cost components over their 
expected working life, adding the annual operation, maintenance and management cost and 
dividing by the annual volume of supply, as defined in Dillon et al. (2009b). 
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Table 6.4 Levelised costs ($/ML) of surface storage and MAR methods in the lower Namoi.  
Adapted from Arshad et al. (2014) and Dillon and Arshad (in press) 
 
Cost component 
Surface 
storage 
Basin 
infiltration 
ASR using 
existing well 
Annual cost of capital items ($/ML) 0 32.2 26 
Annual cost of operation, maintenance 
and management ($/ML) 
22.5 90.5 221.8 
Total annual cost ($/ML) 22.5 122.7 247.7 
Note: Totals may not match due to rounding. 
With the additional water saved through MAR, farmers in the lower Namoi have the choice 
to irrigate additional land with cotton, faba bean or some combination of the two crops that yield 
the highest returns. Value brought by the MAR water under each option is estimated from the 
useable volume of floodwater, after evaporative and recovery losses, times the gross margin per 
ML of mixed cropping of cotton and faba bean on equal land areas. On average, for a typical 
lower Namoi irrigation farm, the average gross margins for cotton and faba bean are estimated as 
310 $/ML and 435 $/ML, respectively. It is assumed that cotton and faba bean are planted on the 
same land area, as they are summer and winter crops, respectively. Allocating the water 
accordingly yields an average gross margin of 342.3 $/ML and a net margin of 230 $/ML after 
subtracting overhead costs. These include the costs associated to land tax, operation and insurance 
of farm vehicles and costs of farm administrations, such as accountant, phone, stationary, and 
postage. In the analysis, we assume that additional irrigation with the saved water is not going to 
increase the overhead cost, as the farm size is large enough (1200 ha) and irrigated land cropped 
each year is variable depending on water availability. In this analysis, we use gross margins as 
the irrigation returns, which is the total revenue minus the variable cost of production. Table 6.5 
presents the value of crop that can be grown with the useable volume in each case. 
Table 6.5 Irrigation benefits: value of the crop under each water storage option.  
Adapted from Arshad et al. (2013, 2014) and Dillon and Arshad (in press) 
 
Project component 
Surface 
storage 
Basin 
infiltration 
ASR using 
existing well 
Initial volume taken from flooding river ML 200 200 200 
Useable volume (after losses) (ML) 120 190 190 
Gross value of crop ($/ML) 342.3 342.3 342.3 
Irrigation benefits: value of the crop that can 
be grown with the useable volume in each 
case ($) (available water times gross value 
$/ML) 41,070.6 65,028.4 65,028.4 
Note: Totals may not match due to rounding.   
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Table 6.6 summarises the costs and value addition of 200 ML of floodwater with surface 
storage and basin infiltration at various basin infiltration rates. It also compares the relative 
financial outcomes of an ASR by using an existing well.  
Table 6.6 Levelised costs and farm benefits ($/ML) of surface water storage and MAR 
 
 
  
Title Unit
Surface 
storage
ASR 
with 
existing 
well
Infiltration rate (m/d), Injection rate 
(ML/day)
0.1 0.15 0.2 0.25 0.3 2.2
Volume taken under supplementary 
entitlement during  flood event
ML 200 200 200 200 200 200 200
Useable volume (after losses) ML 120 190 190 190 190 190 190
a) Annualised cost  of capital items $/ML 0 63.8 42.6 32.2 25.7 21.3 26
 b) Annual cost of operation, maintenance 
and management 
$/ML 26 108.5 97.9 90.5 80.7 76.1 221.7
c) Total Annual Cost (a + b) $/ML 26 172.3 140.5 122.7 106.4 97.4 247.7
Gross value of crop $/ML $/ML 342.3 342.3 342.3 342.3 342.3 342.3 342.3
d) Value of crop that can be grown with the 
useable volume in each case. (available 
water* gross value $/ML)
$ 41,076 65,037 65,037 65,037 65,037 65,037 65,037
e) benefits of initial floodwater (crop 
value/total flood volume)
$/ML 205.4 325.2 325.2 325.2 325.2 325.2 325.2
f) benefits of 200 ML of floodwater 
harvested (benefit-cost)
$/ML 179.4 152.9 184.7 202.5 218.8 227.8 77.5
g) Added Value % (above surface storage) 0% -15% 3% 13% 22% 27% -57%
Basin Infiltration
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6.6 Results and discussion of the CBA 
Using the fixed data in Tables 6.4 and 6.5 with a 7% uniform discount rate, a long term 
trajectory of the difference of discounted benefits and discounted costs of the three water storage 
methods is expressed as net present value in Figure 6.2. 
 
Figure 6.2  Net present value (NPV) of surface storage, basin infiltration and aquifer storage  
and recovery options (at infiltration rate of 0.2 m/day) 
 
The results of the financial cost-benefit analysis show that MAR using the basin infiltration 
method will yield the highest financial returns, followed by surface storage and ASR methods. 
Basin infiltration method will bring 11% more value than surface storage of irrigation water. ASR 
using existing wells appears to be uneconomical with 64 % less value than surface storage and 
206 % less value than the basin infiltration method. The ASR method appears to be uneconomical 
due to the high treatment costs (both capital and ongoing treatment costs) required for an ASR 
system. 
The financial feasibility of each of the three water storage methods depends, however, on 
the values of many variables used for estimating the costs and benefits. Value of these variables 
represent local hydrogeologic, economic or policy conditions, making one option more desirable 
than others. For example, the cost and additional value of basin infiltration is highly dependent 
on the infiltration rates - as the infiltration rates increase, the capital and levelised costs decrease 
and the value of saved water increases. Conversely, when infiltration rates decrease, the capital 
and levelised cost increases and the additional value of basin infiltration decreases. With reduction 
in the infiltration rates, a cross-over point is reached, where the additional value brought by basin 
infiltration becomes zero and its NPV is exactly equal to that of surface storage. A much deeper 
discussion of exploring cross-over points of infiltration rates and other variables is presented in 
Chapter 7. 
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Our results of the cost-benefit analysis are based on the assumptions that future hydrologic 
and economic conditions and estimated costs and benefits will not change over the project life. 
However, infiltration and recovery rates, the value of crops and pumping costs may change over 
the project life. Owing to the uncertain future hydrogeologic and economic conditions, a 
sensitivity analysis of key variables was carried out by changing the value of one variable at a 
time and observing the corresponding change in the NPVs of the each of three water storage 
methods. A comparison of the financial returns (NPV) of the three water storage options is 
discussed below with the view that some variables may change and take different values than the 
assumed ones in the CBA. 
Increase in the pumping cost  
Future pumping costs are expected to change in line with energy prices. An increase in the 
cost of pumping will increase the cost of production of agricultural goods grown with 
groundwater and lowers the NPV of two aquifer storage methods, basin infiltration and ASR. A 
25% increase in the cost of pumping, from 35 $/ML to 43.75 $/ML, will lower the NPV of basin 
infiltration by 7%  and a 50% increase in the pumping cost will lower the NPV of basin infiltration 
by 13%, making basin infiltration an uneconomic option than surface storage.      
Decrease in surface evaporation rate 
A reduction in surface evaporation rate will favour surface storage of irrigation water, as 
the evaporation rate falls more water is available for irrigation. A 25% decrease in the surface 
evaporation rate, from 40% to 30%, will increase the NPV of surface storage by 21%, making 
surface storage more profitable than basin infiltration. A 50% reduction in the evaporation rate, 
from 40% to 20%, will increase the NPV of surface storages by 40%. 
Increase in basin capital cost  
An increase in basin capital cost is expected when cost of construction services and/or 
material or both increase, or when low infiltration rates are experienced due to local 
hydrogeology. Decrease in the infiltration rate will recharge less water per unit area of infiltration 
basin, thus requiring a larger infiltrating pond area with larger capital and maintenance costs. A 
25% increase in the basin capital cost, from 363 $/ML to 454 $/ML, will lower the NPV of basin 
infiltration system by 8.5%. A 50% increase in the basin capital cost will lower the NPV by 17%, 
yielding about 6% less value than surface storage of water. 
Reduction in basin infiltration rate 
A reduction in the infiltration rate will favour surface storage options because a larger pond 
is needed to recharge water, resulting in a higher capital cost. A 25% reduction in the infiltration 
rate, from 0.2 m/day to 0.15 m/day, will lower the NPV of the basin infiltration method by 11%. 
A 50% reduction in the infiltration rate, from 0.2 m/day to 0.1 m/day, will lower the NPV of the 
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basin infiltration method by 34%, which is about 27% less value than that provided by surface 
storage of irrigation water. 
Increase in the discount rate 
An increase in the discount rate will lower benefits from all water storage options. When 
the discount rate is increased by 25%, from 7% to 8.88%, a corresponding decrease of 16%, 18% 
and 17% will occur in the NPV of surface storage, basin infiltration and ASR methods 
respectively. At this discount rate of 8.88%, basin infiltration will offer 10% less value than 
surface storage of water and ASR some 70% less value than surface storages. 
Increase in the MAR loss rate 
An increase in the MAR loss rate will make MAR options less desirable, because it will 
reduce the amount of recovered water for irrigation and lower agricultural benefits. Conversely, 
a decrease in the MAR loss rate will increase recovery of stored water yielding more agricultural 
benefits. A 25% increase in the MAR loss rate, from 5% to 6.25%, will lower the NPV of basin 
infiltration and ASR by 2% and 5% respectively. Conversely, a 25% reduction in the MAR loss 
rate from 5% to 3.75% will raise NPV of basin infiltration and ASR by 2% and 5% respectively. 
Changes in the price of cotton and faba bean  
A decrease in the price of cotton and faba bean will influence the benefits of all three water 
storage options and lower NPVs for each case and vice versa. A 25% reduction in the price of 
cotton, from 538 $/bale to 404 $/bale, will lower the NPV by 39%, 57% and 197% for surface 
storage, basin infiltration and ASR respectively. With a 25% increase in the price of cotton, a 
similar increase of 39%, 57% and 197% is obtained in the NPVs of surface storage, basin 
infiltration and ASR respectively. 
For a 25% increase in the cost of faba bean, from 348 $ per ton to 435 $ per ton, an increase 
of 13%, 20% and 50% is obtained in the NPVs of surface storage, basin infiltration and ASR 
respectively. With a 25% reduction in the price of faba bean, there is a similar percentage decrease 
in the NPVs of the three water storage options. Variation in the cotton price is found to be more 
sensitive to the NPV than variation in price of faba bean.   
Changes in the amount of supplementary floodwater  
A 25% increase in the availability of floodwater, from 200 ML per year to 250 ML per 
year, will raise NPV of surface storage, basin infiltration and ASR by 25%, 34% and 39% 
respectively. A 50% increase in floodwater, from 200 ML per year to 300 ML per year, will 
increase NPV of surface storage, basin infiltration and ASR by 50%, 67% and 78% respectively.  
At a storage volume of 250 ML per year, basin infiltration will result in 48% more value 
than surface storage while ASR proves to be still uneconomical and results in 50% less benefits 
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than surface storage. At a storage volume of 300 ML per year, basin infiltration will yield 23% 
more value than surface storage.  
Conversely, when the amount of supplementary floodwater is reduced by 25%, from 200 
ML per year to 150 ML per year, a corresponding decrease of 25%, 34% and 39 % is obtained in 
the NPV of surface storage, basin infiltration and ASR methods respectively. A 50% reduction in 
the floodwater volume, from 200 ML per year to 100 ML per year, a decrease of 50%, 67% and 
78% is obtained in the NPV of surface storage, basin infiltration and ASR methods respectively, 
showing that larger the size of aquifer storage, the larger the benefits. However, surface storage 
is more financially viable when the volume of floodwater is small. For this set of analyses and 
with our “standard” assumptions a floodwater volume of 155 ML per year and below will make 
surface storage more financially viable than aquifer storage with the basin infiltration method. 
ASR treatment cost 
ASR is shown to be uneconomic when compared with surface storage and basin infiltration 
methods. This is because the set up (initial capital) and treatment costs of ASR are so high that 
they wipe off the agricultural benefits of additional storage. ASR can be a more viable option than 
surface storage when the use value of the recovered water is very high, for example when the 
recovered water is used for drinking, horticulture or industrial purposes. For agricultural 
production, ASR is only economically more viable than surface storage and basin infiltration 
when a treated surplus water is available at no cost. Such opportunities can exist when 
groundwater is pumped out during coal-seam gasification and is available for aquifer storage after 
treatment.  
Here we have just provided indication of how change in one variable affect financial 
outcome. The next section provides a discussion of financial analysis at the regional scale that 
might be useful input for broad policy decisions when considering a regional-scale MAR scheme 
in the lower Namoi. 
6.7 Financial analysis at the regional scale  
This section outlines the financial costs and gains, and also discuss the prospects of, a 
regional-scale MAR in the lower Namoi Catchment. Cost-benefit analysis in Section 6.5 
considered only the availability of 200 ML of floodwater annually at the farm-scale, this volume 
of floodwater being based on an average annual allocation of supplementary water in the lower 
Namoi. The hydrologic analysis in Chapter 5, from long term historic streamflow data, indicated 
that on average 85 GL of supplementary water may be available annually for consumptive 
(irrigation) uses in the lower Namoi Catchment. With this simplistic view of 85 GL of annual 
water availability and for aquifer storage, Table 6.7 summarises the annual, costs benefits and 
cash flows of the three water storage methods under our “standard” assumptions. 
 91 
Table 6.7 Costs, benefits and annual cash flows of 85 GL storage under “standard” assumptions 
 
Storage 
Alternative 
Storage 
Volume 
(GL) 
Unit cost 
M$/GL 
Unit 
value 
M$/GL 
Total 
Annual 
Cost 
M$/GL 
 Annual 
benefits 
M$  
Annual 
Cash 
Flow M$ 
Surface storage 85 0.02 0.21 1.91 17.46 15.54 
Basin 
Infiltration 85 0.12 0.34 10.43 29.09 18.66 
Aquifer Storage 
and Recovery 85 0.25 0.34 21.05 29.09 8.04 
 
Data in in Table 6.7 indicate that annual cash flows are highest with the basin infiltration 
method followed by surface storage and the far behind is ASR. An estimated annual monetary 
loss of 3.12 M$ (18.66 M$-15.54 M$) under our “standard” assumptions, can be possibly avoided 
when water can be stored in aquifers using the basin infiltration method. This monetary loss is 
mainly associated with the (non-productive) surface water evaporations assuming 40% 
evaporative losses from on-farm surface storages. A long-term trajectory of NPV over a 30 year 
period, from 85 GL of floodwater storage under the three discussed options, is shown in Figure 
6.3.  
 
Figure 6.3 Net Present Value (NPV) of 85 GL storage with the three  
water storage methods over 30 years 
Figure 6.3 shows that a basin infiltration system will provide 48% more benefit (NPV 286 
M$) in comparison to the surface storage of floodwater (NPV 193 M$). On the other hand, ASR 
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(NPV 109 M$) will result in 44% less benefit in comparison to surface storage and 163% less 
benefit than basin infiltration method. 
Apart from the need for a revised regulatory set up and hydrogeologic suitability at the 
regional-scale, the success of a regional-scale MAR scheme will depend on the availability of 
floodwater in each year to recharge the groundwater source. However, there is a high variability 
in the occurrence of floods and uncertainty in predicting the future availability of a fixed volume 
of floodwater for MAR. The amount of supplementary floodwater is highly variable, from year-
to-year, ranging from 11 GL in 1990 to 691 GL in 1997, as was shown in Chapter 5- (Table 5.1). 
In a rainfall-run-off model, with downscaled climate time series from global climate 
models, CSIRO (2007) predicted future run-off and river flow under three climate change 
scenarios in the Namoi region. Their modelling results indicated that, under best estimate climate 
future run-off and river flow in the Namoi Catchment is likely to decrease by 6% by 2030, relative 
to 1990 (CSIRO, 2007). Modelling results also show that under extreme climate projections, there 
will be a 31% decrease under an extreme dry scenario and a 38% increase under an extreme wet 
scenario in run-off and associated surface flow in the Namoi valley. 
Based on the findings of CSIRO (2007) for future projected surface flows, the volume of 
supplementary water can be estimated in the lower Namoi under each of the three climate change 
scenarios by considering a 31% decrease (for an extreme dry scenario), a 38% increase (for an 
extreme wet scenario) and a 6% decrease (for the best estimate climate scenario) to the historic 
annual estimated flood water volume of 85 GL. The volume of supplementary floodwater 
annually for extreme wet, extreme dry and best estimate is inferred to be 116 GL, 85 GL and 59 
GL respectively, which represents a 38% increase, a 31% decrease and a 6% decrease, 
respectively, relative to the historic annual flood water volume of 85 GL estimated in Chapter 5, 
(Section 5.4). Figure 6.4 shows the NPV of surface storage, basin infiltration and ASR under the 
three climate change scenarios, by using our “standard” assumptions (Section 6.3).  
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Figure 6.4 Net Present Value (NPV) of three water storage methods with different  
volume storages under climate change scenarios 
 
Figure 6.4 shows that a basin infiltration system will provide the highest benefits under all three 
climate change scenarios, followed by surface storage and ASR respectively. In each of the three 
considered scenarios, the basin infiltration method will yield 48% more benefit than surface 
storage. ASR yields 44% less benefit than surface storage and 163% less benefit than the basin 
infiltration method. The basin infiltration method is seen to be financially superior to surface 
storage and ASR under the annual predicted flows of 116 GL, 80 GL and 59 GL.  
Next, for the regional-scale financial analysis we compare annual costs and benefits for the basin 
infiltration method only, but with different storage volumes. In an ideal situation, the benefits are 
highest when the water availability exactly matches the established size of the basin. However, in 
a realistic situation, the amount of floodwater is highly variable in each year while the designed 
volumetric capacity of the basin is fixed. So decisions related to establishing the appropriate size 
(volumetric capacity) of a regional-scale MAR scheme may involve a risk and/or an opportunity 
cost. Establishing a smaller basin than the optimal may lose the opportunity of storing water from 
high flood events when more water is available compared to the volumetric capacity of the basin. 
Conversely, establishing a larger basin may put investment at risk when less floodwater is 
available for aquifer storage compared to the designed volumetric capacity of the basin. 
Investment is at risk when the designed volumetric capacity is big compared to the water 
availability in dry years, and an opportunity cost when designed volumetric capacity is small 
compared to water availability in wet years. 
Now the analysis of this section compares that how much investment is at risk and the cost 
of lost opportunity in each climate scenario. Table 6.8 shows the nine possible combinations of 
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three indicative basin volumetric capacities under three climate scenarios and Table 6.9 shows 
the likely financial outcomes of these combinations at a regional-scale. 
Table 6.8 Schematic of net financial returns under three climate scenarios 
 
 
 
Table 6.9 Net financial returns (X106 $) under three climate scenarios 
 
Basin volumetric 
capacity (GL) 
Extreme dry Best estimate Extreme wet 
Water availability of 
59 GL 
Water availability of 
80 GL 
Water availability of 
116 GL 
Small 59 GL 12.95 12.95 12.95 
Medium 80 GL 10.38 17.56 17.56 
Large 116 GL 5.96 13.15 25.47 
 
Our main caveat with respect to Table 6.9 is that it shows the most likely financial 
outcomes under our “standard” assumptions with three indicative measures of water availability 
and of basin size, under three climate scenarios. As expected, the best financial outcomes is 
obtained when basin volumetric capacity exactly matches the water availability in each climate 
scenario; that is, a small basin (59 GL volumetric capacity) when the climate scenario is extreme 
dry, a medium basin (80 GL volumetric capacity) when the scenario is the best climate estimate 
and a large basin (116 GL volumetric capacity) when the scenario is extreme wet.  
For a decision maker, a safe approach is to select the smallest basin volumetric capacity 
of 59 GL. This does not involve any investment at risk, assuming that this is the lowest volume 
of water available during the life span of the project. However, in establishing a small basin of 59 
GL, the opportunity of harnessing additional benefits may be lost when more water becomes 
available in the best estimate (80 GL) and extreme wet (116 GL) scenarios. Establishing a medium 
basin of 80 GL may involve both an investment at risk and an opportunity cost. Likewise a large 
basin of 116 GL will involve a significant investment at risk but no opportunity cost. Table 6.10 
highlights the financial outcomes of three indicative volumetric capacities of basin infiltration 
under three climate scenarios. A regret matrix is obtained by subtracting the highest value (best 
Extreme dry Best estimate Extreme wet
Water availability of 
59 GL
Water availability of 
80 GL
Water availability of 
116 GL
Small 59 GL benefits 59 GL - cost 59 GL benefits 59GL - cost 59 GL benefits 59 GL - cost 59 GL
Medium 80 GL benefits 59 GL - cost 80 GL benefits 80 GL - cost 80 GL benefits 80 GL - cost 80 GL
Large 116 GL benefits 59 GL - cost 116 GL benefits 80 GL - cost 116 GL benefits 116 GL - cost 116 GL
 Basin 
volumetric 
capacity (GL)
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outcome) in each column from the rest of the values. A regret matrix, showing investment at risk 
and opportunity cost for each of the nine combination, is presented below in Table 6.10 
Table 6.10 Regret matrix, opportunity cost and investment at risk (X106 $) 
 
Basin volumetric 
capacity (GL) 
Extreme dry Best estimate Extreme wet 
Water availability  
59 GL 
Water availability 
 80 GL 
Water availability 116 
GL 
Small 59 0 4.61 12.51 
Medium 80 2.58 0 7.9 
Large 116 6.99 4.42 0 
 
Table 6.10 shows that a risk-averse decision maker might chose establishing a small basin 
involving no investment at risk, but incur an opportunity cost of 4.61 M$ and 12.51 M$ under the 
best estimate climate and extreme wet scenario, respectively. The middle approach for a decision 
maker would be establishing a medium basin of 80 GL storage. The middle approach will result 
in an opportunity cost of 7.90 M$ if an extreme wet scenario occurs and also puts 2.58 M $ of 
investment at risk under the dry scenario. A more risk-taking decision maker might chose 
establishing the largest basin of 116 GL volumetric capacity which has no opportunity cost but 
involves 6.99 M$ and 4.42 M$ of investments at risk under extreme dry and best estimate climate 
scenarios. In conclusion, smaller basins have high opportunity costs compared to investments at 
risk while larger basins have high investment risks and little opportunity costs. Furthermore when 
opportunity costs and investment risks are compared under extreme dry and extreme wet 
conditions the magnitude of opportunity cost of a small basin (12.51 M$), tends to be higher than 
investment at risk (6.99 M$). 
Basin infiltration options, when available, are found to be financially superior to surface 
storage and ASR. Establishing a regional-scale MAR scheme in the lower Namoi Catchment may 
involve considering an aquifer storage or water banking facility that is technically suitable and 
financially viable. The work of Kelly et al. (2007) indicates there are favourable hydrogeologic 
conditions for aquifer storage of water using MAR. Similarly a regional-scale MAR scheme will 
require establishing an institutional mechanism that would clearly define the entitlements for 
aquifer storage and recovery of stored water. Ross (2014) highlights the institutional bottlenecks 
that need to be addressed for a regional-scale MAR facility in the Namoi Catchment. As we have 
addressed in the thesis, for establishing the optimal volumetric capacity for a regional MAR 
facility, it is necessary to predict the occurrence of high streamflow events with more accuracy 
under climate change and take into account future supplementary water allocation for 
consumptive uses. 
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6.8 Summary 
Managed Aquifer Recharge (MAR) has been used successfully in several countries for the 
storage and treatment of water (Gale et al., 2002; Dillon, 2005; Gale et al., 2006; Missimer et al., 
2014). Storage of surplus water in aquifers can help minimize evaporative losses and help 
irrigators to adjust to surface water variability during droughts, provided that MAR is technically 
feasible and financially more viable compared to alternatives. 
The lower Namoi financial analysis suggests that areas with infiltration rates of 0.2 m/day 
and above can potentially benefit from aquifer storage of floodwater using basin infiltration. Basin 
infiltration systems could be feasible to recharge unconfined shallow aquifers in areas where 
river-aquifer connectivity exists, particularly in the river aquifer connected zones where the river 
system is losing to the aquifer. A high cost of treatment of relatively turbid floodwaters was 
conservatively assumed for ASR, although testing is warranted to determine the level of treatment 
required for sustainable operation of ASR systems. Under our “standard” assumptions even using 
existing wells, ASR appears to be more uneconomical than basin infiltration and surface storage 
methods due to the high cost of water treatment. 
In the lower Namoi Catchment, the opportunity for managed aquifer storage with basin 
infiltration can be advantageous for two reasons: a) under existing rules, large quantities of 
floodwater are available for harvesting in wet periods that can be stored underground; b) the 
existing on-farm storage dams avoid the need for building temporary detention storage of 
floodwater before recharging it underground. With our “standard” assumptions (Section 6.3- 
Table 6.3), aquifer storage using basin infiltration is shown to be financially more viable both at 
the farm and regional-scale. Other such studies of recharge of floodwaters such as Pavelic et al. 
(2012) in Thailand suggested that applications of MAR, using floodwater, could potentially be 
very widespread. In summary MAR options can be financially more viable in comparison to 
surface storage in rural settings at the farm and regional-scale, and where infiltration rates are 
high and aquifers are unconfined, transmissive and contain (low salinity) fresh groundwater. 
Cost-benefit analysis is a helpful tool to evaluate the financial outcome of projects and 
their alternatives under certain conditions. However, many variables that make up the costs and 
benefits are subject to uncertainty. Such uncertainties are explored and dealt with in the break-
even analysis of cross-over points in the next chapter. The next chapter introduces a method to 
assess the financial feasibility of MAR under uncertainty in a host of variables including infiltration 
and recovery rates, cost of new MAR infrastructure and cost of pumping groundwater. The chapter 
synthesises knowledge from earlier chapters and carries out break-even analysis of cross-over 
points of the many variables. 
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Chapter 7 Assessing the feasibility of Managed 
Aquifer Recharge for irrigation under 
uncertainty 
7.1 Introduction 
Analysis in Chapter 6 indicated that, under several assumptions, MAR can achieve more 
financial value than surface storage, supporting some of the assumptions of previous analyses, for 
example, Donovan et al. (2002) and Khan et al., (2008). However, there are uncertainties as to 
whether it is more cost effective to store water above ground in surface reservoirs or below ground 
using managed aquifer recharge (Pyne, 2010). The feasibility of MAR and its comparative cost 
to other alternatives depends on a number of technical and financial factors, which are uncertain. 
Infiltration, injection and recovery rates, and capital and ongoing costs of MAR infrastructure can 
be uncertain. For example, an increase in the turbidity of source water due to hydrological 
variability can significantly increase the capital and maintenance cost of basin infiltration through 
bed clogging and raise the cost of water treatment for aquifer storage and recovery (ASR) systems. 
Future returns from MAR may be uncertain and can be affected by increases in groundwater 
pumping costs or reductions in infiltration rates. Overlooking such uncertainties can result in 
lower than expected operational efficiency and irrigation returns from MAR (Almansa and 
Martínez-Paz, 2011; Maliva, 2014a). Maliva (2014a) noted that assessing such uncertainty is 
perhaps the most neglected aspect in the economics of MAR. 
Economic feasibility of MAR can be assessed through cost-benefit analysis (CBA), as was 
undertaken in the previous chapter. Previous studies undertaking CBA of MAR (Donovan et al., 
2002; Khan et al., 2008; Kalantari et al., 2010) have assumed Hydrogeologic factors, such as 
infiltration, injection and recovery rates, to be known. Uncertainty is inherent to some degree in 
cost-benefit analysis, as to estimate costs and benefits of a policy or a project often requires 
making predictions about future conditions, which in many situations are subject to uncertainty. 
Future conditions can be uncertain, for example future hydro-climatic conditions, future prices of 
goods and services, technological change etc. Uncertainty may also arise due to other factors, 
such as absence of information, policy changes or estimation errors. 
The primary focus of this chapter is to systematically search for conditions under which 
the requirements for MAR may not be met and failure might occur. Playing such a devil’s 
advocate role has been shown to improve decision making compared to an exclusively expert-
driven approach (Schwenk and Cosier, 1980). The approach used identifies thresholds above 
which MAR is financially better than surface storage and below which it is not. These thresholds 
(referred to here as cross-over points) describe corresponding values of variables at which the net 
present value (NPV) from MAR and surface storage become equal. An example of a cross-over 
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point for pumping cost is shown in Figure 7.1, where basin infiltration (red line) and surface storage 
(green line) options are compared; and where basin infiltration is initially (dashed vertical line) more 
profitable than surface storage. A cross-over point between the two compared options is possible 
when the cost of pumping increases from the best guess value of 35 $/megalitre (ML) to 53.63 
$/ML. This increase in the pumping cost will decrease benefits (NPV) from basin infiltration, such 
that they become equal to the benefits (NPV) obtained from surface storage. However, aquifer 
storage and recovery (ASR) always results in an inferior NPV regardless of the pumping cost. There 
is no cross-over point between ASR and the other alternatives. 
 
Figure 7.1 Illustration of identifying cross-over points for pumping cost when comparing basin 
infiltration, aquifer storage and recovery (ASR) and surface storage of irrigation water. 
 
At the cross-over point, the decision maker is indifferent to choosing a single option from 
the two, because their financial returns are equal. In our method, we use computational techniques 
to identify the cross-over points as values of uncertain variables where the NPV of MAR is exactly 
equal to the NPV of surface storage of irrigation water. The approach is demonstrated through a 
case study in the lower Namoi Catchment in New South Wales, Australia, where irrigation water 
restrictions motivate the need to consider options to supplement future irrigation supplies, such 
as MAR. 
The suggested approach of identifying cross-over points is beneficial in three ways; 
i. It can determine minimum Hydrogeologic and cost requirements under which MAR can 
be worthwhile; 
ii. The suggested and demonstrated approach can improve confidence in decision making for 
MAR investment, by enabling the assessment of conditions that are unfavourable to MAR 
compared to surface water storage; 
 99 
iii. It can substantially lower the cost of geophysical and Hydrogeologic investigations by 
targeting only areas that satisfy the minimum requirements, as MAR investigations and 
trials have been shown to be time and resource expensive. 
In addition to introducing a new method to check uncertainty in cost-benefit analysis, this 
chapter synthesises knowledge from the previous chapters. It summarises assumptions of the 
analysis and integrates results and major findings reached in earlier chapters.   
The next section (Section 7.2) reviews literature on uncertainty in cost-benefit analysis. 
Section 7.3 summarises major considerations for assessing feasibility of MAR about which 
greater details are discussed in Chapter 3. Section 7.4 describes the methods, namely the model 
and tool used to explore cross-over points. Section 7.5 gives a summary of the costs and benefits of 
MAR in the lower Namoi, as estimated in Chapter 6. The analysis of cross-over points, in Section 
7.6, provides a discussion of how cross-over points are reached when only a single variable changes, 
as well as when many variables interact. 
7.2 Literature review 
Cost-benefit analysis provides a comparison of benefits and costs resulting from a 
proposed policy, initiative or investment. Uncertainty is intrinsic to some degree in CBA, as the 
analysis often requires making assumptions, including predictions about future conditions to 
estimate costs and benefits of a policy or a project which in many situations are subject to 
uncertainties. 
As a simplistic interpretation, uncertainty can be described as the lack of certainty due to 
limited knowledge to describe the existing state or future outcome of a system. However, 
uncertainty can exist in situations where a lot of information is available (van Asselt and Rotmans, 
2002). A system can be a natural phenomenon, an economic one, a social policy decision or a 
mixture of these. Thus a conceptual understanding of uncertainty is crucial to improve the 
management of a system in decision making processes. Binger and Hoffman (1998) discussed a 
conceptual understanding for the systematic treatment of uncertainty in model-based decision 
making such as policy analysis, integrated assessment, risk assessment and cost-benefit analysis. 
They described uncertainty as a three-dimensional concept:  
i) The location uncertainty, where the uncertainty manifests itself within the model due to 
model complexity; 
ii) The level of uncertainty, where the uncertainty manifests between two extremes of 
deterministic knowledge and total ignorance, and  
iii) The nature of the uncertainty that is related to the imperfect knowledge or due to the 
variability of the system under consideration.  
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Consideration of uncertainty in this chapter mainly relates to the third dimension, that is 
nature of uncertainty, which can be due to imperfect knowledge of the system and/or due to 
variability of the system. Future conditions (systems) can be uncertain, for example future hydro-
climatic conditions, future prices of goods and services, technological change etc.  
Boardman et al. (2006) provide a basic understanding and description of methods for 
dealing with uncertainty in CBA. A number of methods such as sensitivity analysis in Jovanović 
(1999) and Frey and Patil (2002), probabilistic analysis in Almansa and Martínez-Paz (2011), and 
possibility theory in Mohamed and McCowan (2001) have been used to address uncertainty in 
cost-benefit analysis. Sensitivity analysis is the most commonly used method. It assesses the 
impact of change in a financial outcome of an investment due to changes in input variables, and 
identifies the variables that are of greater concern [at risk] for that particular investment. 
Sensitivity analysis can generate the individual effect of variability on outcomes for each sensitive 
variable, while probabilistic analysis assigns a probabilistic distribution to describe the range of 
uncertainty around the expected outcome. Possibility theory assumes that all values within a 
certain range are possible with the exact value being treated as unknown.  
The idea of a cross-over point is sufficiently simple that it has a number of widely used 
variations. It is also known as a break-even point or switch-over point (Frey and Patil, 2002). For 
example, Ekren et al. (2009) determine “how far the site of the stand-alone alternative energy 
system should be from the existing utility line so that the system is cost effective (breaks even) 
when compared to using a conventional transmission line.” However, the term break-even in 
economics specifically applies to the volume of sales at which profit is zero as revenues cover 
total cost, and is therefore used as a tool to calculate a margin of safety for a single investment 
(Jovanović, 1999) rather than comparing alternatives. 
Similarly, an indifference curve graphically denotes the set of points for which a consumer 
shows no preference between alternate goods (Binger and Hoffman, 1998). The isoquant curve 
describes the set of points at which the same quantity of an output is produced for different 
quantities of two or more inputs (Varian and Norton, 1992). These may perhaps be considered 
specific types of cross-over points. In each case, the notion of a cross-over point is applied fairly 
simply with only one or two variables. This is consistent with the observation that application of 
break-even analysis is not simple (Frey and Patil, 2002) and that complexity of the analysis and 
interpretation of results increases with the number of input variables. 
Analysis of cross-over points with a greater number of variables has been invoked in 
literature that referred to cross-over points as points of rank equivalence, i.e. where two 
alternatives are considered of equal rank. Hyde et al. (2005; 2006) identified combinations of 
weights within a Multi-Criteria Decision Analysis (MCDA) that achieve rank equivalence and 
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minimised a distance-metric from an original best guess. Their approach shares the idea of 
identifying a single cross-over point. However, they use a Euclidean distance mainly because it 
is commonly used, restrict the analysis to MCDA weights rather than CBA, and do not make an 
explicit link to analyses with only one and two variables. 
Ravalico et al. (2006; 2009; 2010) also use the notion of rank equivalence in order to 
compare the importance of variables, this time focussing on hydrological models. The analysis 
reports the changes in each variable required to reach a cross-over point that is closest to a best 
guess according to Euclidean distance (Ravalico et al., 2006; Ravalico et al., 2010). The approach 
was later extended (Ravalico et al., 2009) to eliminate the arbitrary specification of a distance 
metric by identifying a Pareto Front (Pareto, 1973) of cross-over points, i.e. the sets of values 
where “there will not be another  solution  with  smaller  changes  in  one  or  more  of  the 
parameters  without  a   corresponding  increase  in  the  change  of another  parameter.” The 
Pareto Front can however be very large with many variables, so the resulting changes in 
parameters are summarised using box plots. The focus of their analysis therefore shifts to 
comparing the importance of variables rather than examining the cross-over points themselves. 
We explore cross-over points between alternatives, i.e. combinations of values where cost-
benefit analysis shows two alternatives to be of equal value. Cross-over points describe conditions 
in which an investment may no longer be worthwhile, and are therefore crucial to understanding 
the effect of uncertainty. In our approach a large number of variables are dealt with by identifying 
combinations of values that are of greatest concern to the user for decision making. This is one 
possible criterion for selecting cross-over points of concern. Other criteria, including probabilistic 
ones, would be possible and would usually raise different cross-over points for discussion. The cross-
over points generated are assessed by comparing them to maximum and minimum values of 
variables that a decision maker thinks might be possible. The resulting judgment of a cross-over 
point is not perfect and is based on the best available knowledge of the decision maker for each 
variable. 
7.3 Related Work: Feasibility of Managed Aquifer Recharge 
As discussed in chapter 3, assessing the feasibility of MAR requires the integration of 
many types of data and information from many disciplines (Figure 3.2). Although carrying out a 
comprehensive feasibility assessment is essential, a first step in establishing an MAR scheme 
requires assessing the feasibility of technical and financial factors, to provide a basis for other 
investigations to proceed. An overview of the basic requirements and feasibility guidelines for 
Managed Aquifer Recharge (MAR) is available in Dillon et al. (2009b) and GHD and AGT 
(2011). 
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Figure 3.5 A framework for the feasibility of Managed Aquifer Recharge: 
Adapted from GHD and AGT (2011), Dillon et al. (2009b) and Rawluk et al. (2012) 
 
7.3.1 Technical and Financial considerations 
Key technical requirements for MAR include Hydrogeologic assessment of the target 
aquifer, the availability of surplus surface water and the means to convey it underground. Relevant 
Hydrogeologic factors include aquifer storage size, permeability, infiltration, injection and 
recovery rates and connections with other aquifers (Bouwer, 2002; Maliva and Missimer, 2010). 
High infiltration rates lower the cost of underground storage; for example, a basin infiltration 
system with high infiltration rates will require a smaller pond area and can be cheaper to construct 
and maintain than a pond with low infiltration rates. 
When the focus is on estimating the total economic benefits of recharge to a region instead 
of an individual, the benefits of aquifer storage become complex, as this needs to include public 
good, socio-economic and environmental benefits to a region, which are more difficult to assess 
and quantify. With a known target volume of storage and recovery, it is easier to quantify the 
financial benefits, since the goal is the recovery of the stored water, and the volumes recovered 
accrue to an identifiable person or water utility for a particular use. The financial feasibility of 
MAR can then be studied in comparison to other water supply and storage alternatives, including 
surface storage. The local situation dictates the costs of MAR options, and large variations may 
occur between localities (Dillon et al., 2009b).  
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7.3.2 Uncertainty considerations 
We focus on cross-over points as one possible means of addressing uncertainty in the cost-
benefit analysis of MAR. As highlighted earlier, identification of cross-over points relies entirely 
on the relationship between variables, such that it requires minimal understanding of the 
uncertainty of variables. The concept of a cross-over point is fairly simple with only one or two 
variables, but the complexity increases in the analysis and interpretation of results as the number 
of input variables increases (Frey and Patil, 2002). 
7.4 Methods 
Break-even analysis of cross-over points involves finding values of variables that will 
provide exactly the same financial returns from the two compared options. The variables were 
identified based on an examination of literature concerning the feasibility of MAR in Chapter 3. 
Identifying cross-over points allows the user to understand the minimum conditions required for 
success and allows measures to be taken to ensure they do not occur. 
As stated earlier, financial analysis evaluates whether investment in MAR is worthwhile. 
Analyses of cross-over points help understand the circumstances when MAR is worthwhile. At 
the most basic level, MAR is worthwhile when net irrigation returns of MAR exceed those of 
alternatives. In the case presented for the lower Namoi catchment, benefits are determined by the 
agricultural value of the additional water provided, by saving it from non-productive evaporation. 
This has been referred to as a “vapour shift” (Rockström, 2003) from non-productive evaporation 
to agriculturally-valuable crop transpiration. Costs are composed of additional pumping to 
recover recharged water and MAR method-specific capital and ongoing costs of implementation 
during the life of the project. 
To enable the break-even analysis, the financial analysis is programmed as a function in R 
(Pinheiro et al., 2011). As a general purpose statistical programming language, R offers a suite of 
optimization methods, as well as providing tools for visualization and the means to include a user 
interface. To identify cross-over points of single variables, other variables are set to fixed values, 
and the R function uniroot (Brent, 1973b) is used to identify the value of the variable where the 
difference in NPV between the two compared options is zero (i.e., ΔNPV(Θ) = 0), meaning that 
the two options have equal NPV. To identify cross-over points involving many variables, we use 
optimization to identify a cross-over point (i.e., a point Θ where ΔNPV(Θ) = 0) that is closest to 
the best guess, in the sense of minimizing the maximum of the distances for each variable, 
expressed in relative terms using user-defined bounds (maxi|Θbound,i - Θi |/|Θbound,i-Θbest,i|). This is one 
possible criterion for selecting cross-over points of concern. Other criteria, including probabilistic 
ones, would be possible and would usually raise different cross-over points for discussion. The cross-
over points generated are assessed by comparing them to maximum and minimum values of 
variables that a decision maker thinks might be possible due to physical, climate or policy change 
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over the analysis period. The resulting judgment of a cross-over point is not perfect and is based 
on the best available knowledge of the decision maker for each variable. The code for the analysis 
is available online at http://dx.doi.org/10.5281/zenodo.11704. 
The single variable, two variable and many variable analyses are now presented in greater 
detail. 
7.4.1 Single variable analysis 
The single variable analysis seeks to identify how far a single variable needs to change to 
reach a cross-over point. For each variable separately, the aim is to identify the value of that 
variable at which two alternatives (e.g. basin infiltration vs. surface storage/base case) are of equal 
NPV, i.e. a cross-over point occurs. 
Cross-over points identified are dependent on the best guess values of the other variables 
and the bounds within which a cross-over point is sought. The user can modify bounds. Changing 
the best guess value allows the effect of other variables to be manually investigated. In applying 
the analysis, this allows the single variable analysis and its graphical representation to act as a 
reference when problems are suspected in the more sophisticated methods.  
These results are interpreted by assessing whether the values of the variables at cross-over 
points are considered to be of concern by comparing them to minimum and maximum bounds 
that could be considered plausible. This assessment is formalised through the use of two 
quantitative concepts: level of comfort and concern. These are a form of distance measure, as 
used by Hyde et al. (2005; 2006)  and Ravalico et al. (2006; 2009; 2010) (see Section 7.2), which 
become central to the more complex analyses. Levels of comfort and concern are calculated based 
on relative distance of each cross-over point respectively to the estimated ‘best guess’, (which we 
also refer to “% distance from best guess”), and from the closest of the estimated maximum and 
minimum values (“% distance from bound”). These measures are complementary, and sum to 
100%. They differ in providing a positive and negative framing respectively. If we have a high 
relative distance from best guess, we are comfortable, because we have a high margin of safety. 
If we have a low relative distance from best guess, we are uncomfortable because we may have a 
high risk of reaching that cross-over point. Correspondingly, if we have a low relative distance 
from the bound, the cross-over point is not of high concern, and if we have a high relative distance 
from the bound, we are concerned. If the level of comfort is less than 0% (or level of concern is 
greater than 100%), then the cross-over point falls outside the bounds specified by the user, 
meaning that the user considers that it will not occur. For any set of variables, a lower % distance 
from best guess (higher % distance from bound) means the cross-over point is closer to the user’s 
best guess and is therefore of greater concern and lower comfort. This also helps to prioritise 
variables. 
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While this analysis also considers combinations of variables, at any point in the exploration 
of cross-over points, it could have been decided that a cross-over point is of sufficient concern 
that the planned investment, in this case in basin infiltration or ASR, should be abandoned. 
Analysis progressively increases in complexity. Therefore if simpler steps bring up problems, 
then further analysis may not be required. However, the decision needs to be based on a broader 
context that any single analysis is capable of representing. The user is therefore prompted to 
consider what further analyses might show the cross-over point is not of concern. For example, 
the cross-over point can only realistically occur in combination with variables that might have a 
compensatory effect, such as inflation of costs being compensated by inflation in prices. The user 
may also be able to identify actions that would ensure the cross-over point is avoided. For 
example, variables may be able to be manipulated, such as by preliminary field-work selecting a 
location that ensures infiltration rate is sufficient, or obtaining cheaper energy sources to reduce 
pumping cost. The exploration of cross-over points therefore embeds itself in a broader context 
of continuous learning about the problem rather than being treated as a once-off analysis on a 
fixed problem formulation. 
7.4.2 Two variable analysis 
Assuming the single variable analysis does not undermine the investment, it can trigger 
ideas about further analysis, particularly the possibility of changing more than one variable at a 
time. The two variable analysis acts as a bridge to familiarise the analysis of many variables. It 
considers the question: if two variables are changed at once, might a cross-over point be reached 
more quickly?  For a specified pair of variables, the aim is to identify the values at which two 
alternatives have equal NPV, i.e. cross-over points. With two or more variables, many 
combinations of values may be cross-over points. These points generally form a line. These points 
are found as a simple extension of the single variable approach, by varying the value of one 
variable at regular intervals and calculating the cross-over point for the other variable (see 
Appendix I). A single level of comfort/concern needs to be obtained when varying two or more 
variables simultaneously, rather than the separate levels of comfort/concern calculated in the 
single variable case. This is the crucial step that previous uses of distance metrics left unresolved 
(Ravalico et al., 2009; Ravalico et al., 2010). The aim is to always use the level of 
comfort/concern of the variable whose value is closest to the bounds and furthest from the best 
guess. This corresponds to the assumption that a combination of variables is only of as much 
concern as its least concerning variable. Even if some of the variables are of high concern, the 
user would not be concerned about a point if even one variable is of low concern. For example, a 
user would reject a cross-over point if any of the variables have values outside the user’s estimated 
bounds (i.e. are extremely comfortable and of no concern).  
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In the MAR case, if water availability has fallen and simultaneously surface storage 
evaporative loss becomes zero, the scenario would be rejected no matter how likely the fall in 
water availability. While we select this distance metric based on this intuitive understanding, it 
can also be justified in terms of fuzzy logic (see Appendix I). Note that this analysis deliberately 
avoids any reference to probability, likelihood or even possibility. Bounds are taken to represent 
the limits of the user’s concern, not the limits of what may actually occur. This is a crucial point 
because it makes the user the ultimate arbiter of what the bounds should be, which in turn 
determines which cross-over points are identified as being of greatest concern. 
7.4.3 Analysis of many variables 
The two variable analysis provides a convenient introduction to the principles underlying 
the next analysis, which considers: if many variables change together what is the cross-over point 
of greatest concern (and minimum comfort)? With many variables, we find the point of greatest 
concern using optimisation. To summarise from the previous sections, the level of concern is 
calculated based on the distance of the cross-over point relative to the best guess and user-
specified bounds. When multiple variables are considered, the variable that is of least concern is 
retained, because we assume that a scenario would be rejected by the user if even one variable is 
of no concern. These principles result in a quantitative measure of level of concern. The 
optimisation algorithm then varies the values of variables until it finds a point of maximum 
concern/minimum comfort (see Appendix I for technical details). 
7.5 Summary of costs and benefits in lower Namoi 
Itemized costs for this study were estimated and reported in Chapter 6 by combining 
current market rates of earthworks, services and materials for water infrastructure projects in 
Australia and were adjusted to the local situation in the lower Namoi. The analysis assumed 40% 
evaporative losses from surface storage and a 5% MAR loss rate. The MAR loss rate is the percent 
of water lost during aquifer recharge and recovery from basin infiltration and ASR and can be 
expressed as: 
 
In the base case, surface storage of floodwater, the costs considered are the cost of 
harvesting 200 ML of floodwater and the cost of farm dam annual maintenance. The capital cost 
of basin infiltration includes the cost of earthworks and pipes. Ongoing costs include operation 
and maintenance of water harvesting and recovery and the cost of basin annual maintenance. An 
existing bore is assumed to be available for recovery after basin infiltration or for injection and 
MAR loss rate =  1 −  
groundwater  volume  recovered  
Initial  water  volume  used  for  storage  
  % 
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recovery in ASR. The capital cost of an ASR facility on existing farms with a bore primarily 
includes installing a coagulation and filtration pre-treatment facility. Ongoing operation and 
maintenance costs for ASR include well maintenance, floodwater harvesting, water treatment and 
water recovery. The analysis assumed a 30-year lifespan for surface storage and basin infiltration 
and 20 years for ASR, with a 7% uniform discount rate for all options. All capital cost estimates 
are exclusive of land value. 
Under various assumptions, the results of financial cost-benefit analysis in Chapter 6 
showed that MAR using the basin infiltration method will yield 11% more value than surface 
storage of irrigation water. ASR using existing wells appears to be uneconomical, with 64% less 
value than surface storage. 
It is also worth remembering that the cost and additional value of basin infiltration is highly 
dependent on the infiltration rates; as infiltration rates increase, the capital costs decrease, and the 
value of saved water increases. Conversely, as infiltration rates decrease, the capital cost 
increases, and the additional value of basin infiltration decreases. With continuous reduction in 
the infiltration rates, a cross-over point is reached, where the additional value brought by basin 
infiltration becomes zero and its NPV is exactly equal to that of surface storage. The following 
section expands the analysis to explore cross-over points of infiltration rates and other variables. 
7.6 Identification of cross-over points in a single variable 
In single variable analysis, the aim is to identify how far a single variable needs to change 
to reach a cross-over point for the two compared options. A cross-over point may not always 
exist; there might be situations where the cross-over point falls outside the minimum or maximum 
limits considered for the analysis or when the change in the cost or benefit is in the same direction. 
Such a situation is noted with the use of the acronym, NA, for not applicable, in the tables and 
following text. A cross-over point for basin infiltration and surface storage occurs when their 
NPVs are equal; and similarly, for ASR and surface storage, as well as basin infiltration and ASR. 
Figure 7.1 showed the cross-over point for pumping cost. Figure 7.2 illustrates cross-over points 
for basin capital cost. 
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Figure 7.2 NPV for varying basin capital cost in three water storage scenarios, showing cross-over 
points at intersections between lines. 
 
A cross-over point between basin infiltration and surface storage is possible when the basin 
capital cost increases from 363 $/ML to 466.69 $/ML. That increase in the capital cost will equate 
to the NPV of the two compared options. Similarly, a cross-over point between basin infiltration 
and ASR is possible when the basin capital cost increases from 363 $/ML to 1085.55 $/ML. No 
cross-over point is identified between surface storage and ASR (it is NA). The increase in the 
basin capital cost may result from increases in the price of services and materials or the need to 
construct a larger pond due to a reduction in infiltration rates. Rather than drawing these curves 
for every variable, the values of the cross-over points are reported in Table 7.1 and discussed in 
the following text. 
Table 7.1 lists cross-over points for 14 variables when each is varied separately. These 
cross-over points represent the minimum requirements for MAR to be preferred to surface water 
storage, assuming that the values of other variables listed in the table remain fixed. For example 
basin infiltration is financially better than surface storage when pumping cost does not exceed 
53.63 $/ML or the surface evaporation rate does not fall below 34%, and so on. The variables 
selected are the most important when undertaking a financial comparison of surface storage with 
the two MAR options. In the following section, we discuss the basis of how these cross-over 
points may be reached in reality for each single variable. 
  
 109 
Table 7.1 Single variable cross-over points in three scenarios 
 
No. Variable (Unit) 
Cross-Over Point 
Best Guess 
(Modelled) 
Value 
Surface 
Storage 
and Basin 
Infiltration 
Surface 
Storage 
and ASR 
Basin 
Infiltration 
and ASR 
1 Pumping cost ($/ML) 35 53.63 NA NA 
2 Surface evaporation rate (%) 40 34 74 NA 
3 Basin capital cost ($/ML) 363 466.69 NA 1,085.55 
4 Basin infiltration rate (m/day) 0.2 0.16 NA 0.07 
5 
Basin maintenance rate (% of 
capital cost) 10 15 NA NA 
6 
MAR loss rate (% of target 
storage volume) 5 11 NA NA 
7 
ASR water treatment cost 
($/ML) 150 NA 13.25 NA 
8 
ASR maintenance rate (% of 
capital cost) 0.07 NA NA NA 
9 Price of cotton ($/bale) 538 475.64 1,155.22 NA 
10 Price of faba bean ($/tonne) 348 229.52 NA NA 
11 Discount rate (%) 7 13 NA NA 
12 
Lifespan of surface storage 
(Year) 30 48.16 5.57 NA 
13 
Lifespan of basin infiltration 
(Year) 30 23.51 NA 6.69 
14 Lifespan ASR (Year) 20 NA NA NA 
7.6.1 Discussion of single variables 
Pumping costs and surface evaporation rates 
A cross-over point between surface storage and basin infiltration is possible when pumping 
costs increase by 53% to become 53.63 $/ML; an increase in the cost of pumping will cause an 
increase in the cost of agricultural production and a decrease in farm benefits (NPV) from basin 
infiltration. A cross-over point between basin infiltration and ASR is NA, because the rate of 
increase in pumping cost applies to both aquifer storage options. Similarly, there is no cross-over 
point between surface storage and ASR, as the lowest possible pumping cost considered in the 
analysis (6.25 $/ML) will not make ASR financially superior or equal to surface storage. 
Low surface evaporation rates will make surface storage financially superior to MAR, as 
less water will be lost from surface storage, making more water available and resulting in larger 
benefits. A cross-over point between surface storage and basin infiltration is possible when 
evaporation rates decrease by 16%, from 40%, to become 34%. For evaporation rates, a cross-
over point between surface storage and ASR is possible when evaporation rates increase to 74%, 
whereas the cross-over point between basin infiltration and ASR is NA. 
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Basin capital cost, basin infiltration rate and basin maintenance 
rate 
An increase in basin capital cost will increase the overall cost and lower the benefits with 
a concomitant decrease in NPV. For the basin capital cost, a cross-over point between surface 
storage and basin infiltration is possible when the capital cost of basin infiltration increases from 
363 $/ML to 466.69 $/ML. 
A decrease in the infiltration rates will recharge less water per unit area of infiltration 
basin, requiring a large basin infiltrating area with larger capital cost, or with decreased infiltration 
rates, less water will infiltrate and be stored underground. A cross-over point between surface 
storage and basin infiltration is possible when infiltration rates drop from 0.2 m/day to 0.16 m/day. 
Similarly, a cross-over point between basin infiltration and ASR is achieved when infiltration 
rates drop from 0.2 m/day to 0.07 m/day. An increase in the basin maintenance rates will increase 
the overall cost of basin infiltration, reducing NPV in comparison to the compared options. A 
cross-over point between surface storage and basin infiltration is possible when basin 
maintenance rates increase from 10% to become 15%. The three considered variables do not apply 
when comparing surface storage and ASR, such that the corresponding cross-over points are NA. 
Mar loss rate 
Increasing the MAR loss rate makes MAR financially less attractive, because it reduces 
the volume of water recovered and the resulting benefits, though some pumping cost is saved, as 
less water is recovered with an increase in the MAR loss rate. In other words, a higher MAR loss 
rate represents a lower recoverability and, therefore, lower useful storage (Maliva and Missimer, 
2010; Maliva, 2014b). For benefits to be realized, the volume of water that is not recovered from 
storage must be less than evaporation losses. This applies to both MAR methods, basin infiltration 
and ASR, when compared to surface storage. A cross-over point between basin infiltration and 
surface storage is possible when the MAR loss rate reaches 11%. A cross-over point between 
basin infiltration and ASR is NA. 
ASR water treatment cost and ASR maintenance rates 
A cross-over point for ASR maintenance rate is not possible when ASR is compared with 
surface storage and basin infiltration. Even its cheapest possible value, when considered alone, 
does not achieve an NPV equal or superior to basin infiltration and surface storage. The ASR water 
treatment cost only has a cross-over point if the treatment cost decreases by 91% to 13.25 $/ML. 
Increases in both variables increase the cost of ASR and, hence, (further) diminish its advantage 
over the other options. 
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Price of cotton and faba bean 
A decrease in the price of cotton and faba bean will influence the benefits of all three water 
storage options and lower NPVs for each case. A cross-over point for the price of cotton and the 
price of faba bean between surface storage and basin infiltration is possible when the price of 
cotton drops from $538 per bale to $475.64 per bale, and the price of faba bean drops from $348 
per tonne to $229.52 per tonne, which are 11% and 34% drops from the best guess values, 
respectively. A cross-over point for the cotton and faba bean price is possible between surface 
storage and ASR when the price of cotton rises to $1,155.22 per bale, an increase of 114%. No 
cross-over point between surface storage and ASR is possible with the highest price considered 
possible for faba beans. 
Discount rate and project lifespan 
An increase in the discount rate tends to increase the levelised cost of the two MAR 
options, in particular through the basin capital cost and the capital cost of establishing an ASR 
treatment facility. This will result in lower NPVs from the two MAR options. A cross-over point 
between surface storage and basin infiltration is possible at a discount rate of 13%, while there is 
no cross-over point between surface storage and ASR. Because ASR is already more expensive 
than surface storage, a higher discount rate will make ASR even more expensive, while the lowest 
considered discount rate of 1% will not be able to raise the NPV of ASR to be equal or superior 
to surface storage. Similarly, a lower discount rate will make basin infiltration more favourable 
than ASR, so no cross-over point is possible. 
Lowering the lifespan of an option increases its levelised cost, such that the NPV of that 
particular option is lowered. A cross-over point between surface storage and basin infiltration is 
possible when the lifespan of surface storage increases from 30 years to 48.16 years or the lifespan 
of the basin infiltration drops from 30 years to become 23.51 years. Similarly, a cross-over point 
between surface storage and ASR exists when the lifespan of surface storage drops to 5.57 years. 
A cross-over point between basin infiltration and ASR is possible when the lifespan of the basin 
infiltration drops to 6.69 years. No cross-over point for the lifespan of ASR is possible when 
compared with basin infiltration and with surface storage options. 
7.6.2 Changes in cross-over points due to interactions between variables 
The values at which cross-over points occur are affected by the values of other variables, 
so it is important to consider interactions between variables. Every variable that either increases 
or decreases changes the financial advantage of MAR in comparison to surface storage. We 
describe the advantage of MAR in terms of change in the position (value) of cross-over points 
with respect to the best guess. The interaction of two variables can bring a cross-over point closer 
or farther to the best guess. Two variables can interact in a way that they can increase, decrease 
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or balance the effect of each other on the resulting advantage of MAR, depending on whether 
changes in the variable increase or decrease the financial advantage of MAR. 
A cross-over point that moves away from the best guess value indicates increasing 
financial advantage for MAR. Conversely, when it moves closer to the best guess, the financial 
advantage decreases. The movement of a cross-over point closer to the best guess reveals 
situations where the benefits of MAR are reduced and could ultimately have equal benefits to 
surface storage when the cross-over point coincides with the best guess value. 
Figures 7.3 and 7.4 illustrate with examples where the advantage of MAR over surface 
storage changes due to the interaction of variables. This is expressed through changes in the cross-
over point of the MAR loss rate. Given that increased costs reduce the relative benefit of MAR, 
when costs increase, the cross-over point for the MAR loss rate moves closer to the best guess 
value (Figure 7.3). Similarly, lower prices of crops decrease the benefit of MAR, and the cross-
over point moves closer to the best guess (middle bar in Figure 7.4. When costs and prices both 
increase, the cross-over point can move closer or further from the best guess, depending on the 
level of change in costs and prices (bottom bar in Figure 7.4). 
 
Figure 7.3 Plot of the MAR loss rate when costs increase. An example of a cross-over point moving 
toward the best guess. 
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Figure 7.4 Plot of the MAR lose rate when costs and prices change. An example of the cross-over 
point changing position when costs and prices both increase. 
 
7.6.3 Assessing the Risk of Attaining Cross-Over Points 
Uncertainty in the financial assessment of MAR can be assessed by evaluating whether 
the scenarios described by the cross-over points identified are likely to be experienced in reality. 
If this occurs, then MAR may not be financially attractive. Alternatively, other measures may 
need to be taken to avoid situations leading to the cross-over point. Note that initial financial 
analysis suggests that basin infiltration is a favourable investment. As mentioned in the 
introduction, the aim of this analysis is therefore to play the devil’s advocate, that is to 
systematically search for reasons that requirements for MAR may not be met and that failure 
might occur. 
While cross-over points could be assessed probabilistically, a simple approach is to say 
that a cross-over point is of greater concern if it is closer to the best guess value, as introduced in 
Section 7.4. This implies that investment in the MAR infrastructure is at greater risk of not making 
additional profits than surface storage because the return from MAR becomes closer to that of 
surface storage. On the other hand, the value of a cross-over point may fall outside the bounds 
(minimum and maximum limits) that are considered to be of concern, in which case, the analysis 
suggests that the minimum requirements will be met. 
Following this approach, Table 7.2 shows the cross-over point of greatest concern when 
surface storage and basin infiltration are compared. The point was identified by simultaneously 
varying all of the variables and searching for a combination where each variable is closest to the 
best guess, relative to bounds. The bounds were defined based on an understanding of the factors 
influencing the variables, taking into account the expected variability, considering the lack of 
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complete the knowledge of Hydrogeologic variables and the actions that can be taken to manage 
these concerns. In interpreting the results, the combination of values is assessed, not just each 
variable separately, and the reasons for the bounds selected are explained. 
Table 7.2 Cross-over point of greatest concern with basin infiltration vs. surface storage, using a 
subset of variables. 
 
  Variable 
Minimum 
Bound 
Maximum 
Bound 
Best 
Guess 
Point of 
Greatest 
Concern 
Change 
from Best 
Guess 
1 Pumping cost ($/ML) 6.25 225 35 37.22 2.22 
2 Surface evaporation rate (%) 10 100 40 40 0 
3 Basin capital cost ($/ML) 100 3,000 363 393.82 30.82 
4 Basin infiltration rate (m/day) 0.01 2 0.2 0.2 0 
5 
Basin maintenance rate (% of 
capital cost) 1 40 10 10 0 
6 
MAR loss rate (% of target 
storage volume) 0 85 5 6 1 
7 Price of cotton ($/bale) 50 1,500 538 532.3 −5.70 
8 Price of faba bean ($/tonne) 50 1,400 348 344.52 −3.48 
9 Discount rate (%) 1 50 7 8 −1 
10 
Lifespan of surface storage 
(Year) 2 50 30 30.23 0.23 
11 
Lifespan of basin infiltration 
(Year) 2 50 30 29.67 −0.33 
 
Table 7.2 shows that the values of cross-over points are very close to the best guess and, 
hence, are of concern. The point of greatest concern describes a scenario of particularly 
unfavourable conditions, namely when all of the variables interact and change simultaneously. It 
relates to a situation where pumping costs have increased and the prices of cotton and faba bean 
have decreased. Basin capital cost turns out to be higher than expected, as well as the MAR loss 
rate. The lifespan of the basin infiltration project is marginally shorter than that of a surface 
storage project. Other variables remain at their best guess. 
Individually, all variables of the scenario appear to be of great concern. However, in reality 
it is unlikely that all variables change at once and result in the situation described in Table 7.2. 
We analyse groups of variables to assess whether or not the generated scenario is possible, what 
mitigation options might prevent this cross-over point from occurring and what adaptation actions 
might be taken if the scenario described by the cross-over point does occur. 
Pumping costs and surface evaporative rates 
The cross-over points of these two variable are very close to the best guess value and, 
hence, may be reached. Based on historical trends, energy costs are expected to increase in the 
future, despite efficiency improvements in pumping technologies. However, the effect of higher 
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pumping costs may be balanced or outweighed if there is an increase in the price of cotton and 
faba bean in the future. In addition, if farming becomes uneconomical at some stage, it is possible 
that government might provide subsidies for pumping to maintain agricultural production and 
preserve the livelihoods of farmers. Using alternate sources of energy, such as wind and solar, 
can be cheaper mitigation options in the future. High head gravity feed systems can be designed 
in certain cases to avoid pumping costs (Missimer et al., 2014). 
Surface evaporative rates are expected to increase under climate variability and change 
(CSIRO, 2007). Evaporative rates may also be higher for farms where surface storage is shallow 
and depending on the water turbidity. Higher evaporative rates will favour MAR, so this is 
unlikely to be a reason not to proceed with MAR. Reducing evaporative losses from surface 
storage at costs cheaper than those of setting up a basin infiltration system could have been a 
reason not to proceed with basin infiltration. 
Basin capital cost, infiltration rate and basin maintenance rate 
The increase in the basin capital cost seems likely to occur if the investment is delayed, as 
the cost of labour, construction materials and energy prices for earth moving machinery could be 
expected to rise due to inflation and other economic factors. Similarly, the values of basin 
infiltration rates and basin maintenance rates exactly coincide with the current best guess 
estimates, and hence, the two variables are of great concern. The infiltration rate is a function of 
a number of variables, with water quality a major factor. 
A few mitigation options exist to avoid increases in basin capital cost. Field trials and 
geophysical investigations can help find suitable sites where high infiltration rates can be 
achieved. Basin maintenance is related to the amount of silt and other suspended and organic 
matter contained in the floodwater. Basins can be sized to allow rest and maintenance. In the 
lower Namoi Catchment, floodwater already passes through a de facto two-stage sediment and 
silt removal process. Firstly, it is retained in large public dams before release, thereby reducing 
heavy silt loads; secondly, at the farm level, floodwater is kept in farm dams as temporary storage 
before recharging begins. The two-step sediment removal process could be advantageous in 
lowering the cost of basin maintenance. 
Mar loss rate 
In the lower Namoi, more than four decades of groundwater pumping have dropped the 
water levels, and in many places, rivers and streams (naturally) recharge groundwater (Kelly et 
al., 2007), such that useful storage exists at a large scale. At the farm scale, while water may not 
physically stay within a farmer’s land and, as such, is not physically stored, the system of surface 
and groundwater water rights means that injected or infiltrated water could, in principle, be 
allocated to the farm anyway, in a form of “regulatory storage” (Maliva and Missimer, 2010). 
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This results in potentially extremely high recovery rates (95%) and low loss rates, as a farmer 
benefits from contributing water to a common pool rather than being restricted to physically 
retrieving the water that they recharged. The loss rate determined by regulation could however be 
affected by a number of broad-scale issues. For example, the MAR loss rate can be of concern for 
locations where surface water and groundwater connectivity exists and where streams and rivers 
gain groundwater from aquifers, which is rare in the lower Namoi.  
Low recovery is likely only in aquifers that contain brackish or high salinity water, due to 
the mixing of fresh recharge water with the native high salinity groundwater. This may occur in 
some parts of the lower Namoi, particularly areas where drops in groundwater hydraulic heads 
have resulted in the mixing of saline and freshwater within different layers of aquifers. In areas 
of excessive groundwater extraction, groundwater hydraulic heads can drop and allow saline 
water to enter into pumping wells (Williams et al., 1989), thereby increasing the salinity levels of 
the recovered water and resulting in less recovery of the volume of freshwater recharged initially. 
Price of cotton and faba bean 
Cross-over points for the price of cotton and faba bean are not likely to occur, and they are 
not of great concern. The future price of cotton is expected to remain stable or increase because 
of ongoing demand and an established linkage of the Australian cotton industry to overseas 
markets, where demand exists and can be expected to grow. In the future, with limited irrigation 
water availability at the global scale, international prices of cotton are expected to rise, rather than 
decrease. Other cotton producing and competing countries, such as China, Pakistan and Egypt, 
are likely to become more water stressed in future. Additionally, with world population growth 
continuing unabated, a higher demand for cotton is expected. The price of faba bean is also 
expected to increase in the future; however, a drop in the price of faba bean is also possible 
whenever supply exceeds the local demand. A change in the price of faba bean is not a major 
concern, because it is a local crop mainly used for cattle and human consumption and has limited 
potential for export in national and international markets. Faba bean is not a major source of farm 
revenue, and if at some point, there is an oversupply and a drop in price occurs, faba bean can be 
replaced with some other high value crop. Any rise in the sale price of both cotton and faba bean 
would also compensate for increases in pumping costs and other MAR infrastructure costs. 
Discount rate and lifespan of projects 
A 7% discount rate coincides with the current best guess and is highly likely to occur and 
is therefore of great concern. Discount rates of more than 7% will make MAR financially un-
attractive. As this may occur if the cost of borrowing capital is high, farmers may search for 
financing at lower rates or governments may assist farmers to set up special MAR grants or loans 
involving the least possible interest rates. Cross-over points for the lifespan of surface storage and 
basin infiltration almost coincide with the best guess (30 years) and are of great concern. The 
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lifespan of basin infiltration can be enhanced by drying of basins, frequent scarping of 
accumulated silt layers and controlling weed growth. 
7.7 Summary 
This chapter developed a method of break-even analysis that makes cost-benefit analysis 
more transparent according to its assumptions. Break-even analysis of cross-over points is one 
way of assessing the financial performance of MAR under uncertainty. Cost-benefit analysis of 
surface storage and MAR helps comparison of options in financial terms, but results cannot be 
relied upon completely without due consideration of uncertainty. Our approach to addressing the 
uncertainties is to undertake a financial cost-benefit analysis by analysing a range of values for 
influencing variables and to establish thresholds (cross-over points) where financial returns from 
surface storage and MAR are equal. Once the thresholds are established, mitigation options can 
be identified and put in place to avoid variables reaching identified thresholds. 
The analysis of cross-over points can be undertaken to identify minimum requirements 
under which MAR can be more advantageous than surface storage, and this was illustrated for the 
lower Namoi. For this catchment, MAR using basin infiltration can be financially superior to surface 
storage, but this depends on the selection of a suitable site where a high infiltration rate, low loss rates 
and other minimum requirements can be achieved. Further, exploration of MAR through field trials 
and geo-physical investigation is suggested in areas of the lower Namoi where set of minimum 
conditions are met. MAR can be a potential option to achieve future water supply goals, provided that 
it is technically feasible and more financially viable than surface storage. 
Our suggested approach can also be used to identify areas that may not be suitable for 
MAR, thereby avoiding expensive Hydrogeologic and geophysical investigations. Such 
thresholds can be interpreted as a set of minimum requirements beyond which an investment in 
MAR may no longer be worthwhile. Checking that these thresholds are satisfied can improve 
confidence in decision making.  
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Chapter 8 Conclusions 
This thesis has examined the interdisciplinary issue of assessing the feasibility of Managed 
Aquifer Recharge. Many groundwater management questions, including management of aquifers, 
cannot be adequately answered by single discipline studies. Thus appeal to integrated assessment 
becomes vital to integrate many essential considerations across disciplines. The feasibility of an 
MAR scheme requires the integration of many types of methods, data and information from many 
disciplines, as is demonstrated in this thesis.  
The primary focus of this research was to advance the understanding of, and collective 
methods for, assessing the feasibility of MAR under uncertain conditions. Uncertainty exists as 
to whether MAR systems will remain operationally effective and profitable in the future, because 
long term feasibility of MAR depends on many uncertain climatic, technical and financial 
variables. Research in the thesis starts with a re-examination of current approaches to assessing 
the feasibility of MAR. It proposes and applies sequential steps for assessing the feasibility and 
explores distinct but complementary topics of hydrology, hydrogeology and financial economics, 
related to MAR, and their integration with consideration to uncertainty. 
Hydrologic and hydrogeologic feasibility is assessed by examining source water 
availability from the frequency of large flood events and by assessing hydrogeologic opportunities 
and constraints of storing water underground. Financial feasibility is assessed through cost-benefit 
analysis. Uncertainties are assessed by identification of cross-over points of many hydrogeologic 
and economic variables using break-even analysis. Cross-over points are the thresholds where 
MAR and the more mainstream practice of surface water storage have equal financial returns. 
The approach systematically searches for conditions under which the requirements for MAR may 
not be met and failure might occur. 
The suggested approach of identifying cross-over points is found beneficial in three ways. 
Firstly, it can determine minimum hydrogeologic and cost requirements under which MAR can 
be worthwhile. Second, it can substantially lower the cost of geophysical and hydrogeologic 
investigations by targeting only areas that satisfy the minimum requirements. The appeal here is 
that MAR investigations and trials are well known to be time and resource expensive. Finally, it 
can improve confidence in the decision making for MAR investment, by assessing conditions 
which are unfavourable for MAR. 
The application of the suggested feasibility approach and the model is demonstrated 
through a case study in the lower Namoi Catchment of NSW, where: agriculture is highly 
profitable and dependent on irrigation using groundwater; aquifers are depleted; and surplus water 
from large floods provides an opportunity for investing in MAR. The selected case of the lower 
Namoi is felt to be representative enough of many catchments in Australia and elsewhere that 
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experience groundwater overdraft, to provide lessons for them, especially from the integrative 
framework and methods developed and applied. The results of this study can largely inform other 
areas experiencing the similar situation of groundwater over-extraction and/or experiencing large 
evaporation losses from surface storage of water. 
8.1 Summary of results and major findings  
Chapter 2 reviewed and highlighted both the challenges and promise of groundwater issues 
internationally. The chapter found that: 
 Groundwater resources are in general exploited above their sustainable extraction 
rates, and with current practices of over-extraction the balance between human and 
ecosystem needs is difficult to maintain.  
 Four key international groundwater issues were identified and reviewed namely, 
depletion of groundwater, degradation of water quality, the water-energy nexus, and 
transboundary water conflicts.  
 Managed Aquifer Recharge can be one useful element of integrated water resource 
management. At suitable locations and under suitable conditions, it can help to 
conserve surface water resources, improve groundwater quality and minimize 
evaporative losses, thereby increasing the volume of groundwater available for use.  
The literature review in Chapter 3 revealed that:  
 For addressing MAR feasibility, an integrated approach is essential.  
 Feasibility of MAR mainly relies in the first instance on technical and economic 
factors, although other factors for example, social, institutional or environmental, can 
impact its uptake. 
Chapter 4 developed a method and framework for assessing the feasibility of MAR under 
uncertain conditions. 
The Hydrologic and hydrogeologic analyses in Chapter 5 revealed that: 
 High streamflow periods and floods offer a significant opportunity for diverting river 
water, and storing it in the aquifers of the lower Namoi Catchment. 
 The amount of supplementary irrigation water is highly variable from year-to-year, 
ranging from 11 GL in 1990 to 691 GL in 1977. 
 The availability of supplementary water depends on many factors for example, the 
level of water storages in the public dams, the nature and magnitude of the flood 
event, any water restrictions that may be applicable at the time of flood, such as 
maintain the environmental flows etc., and the account balances of supplementary 
access licences. 
 The estimated average volume of 85 GL/year, under supplementary access licenses, 
is a significant amount of water that can be stored within the large aquifers of the 
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lower Namoi. On average once every four years, 340 GL of water may be available 
under current supplementary allocation rules. 
 For MAR systems, infiltration and injection rates vary substantially and are 
dependent on site specific conditions. Estimation of the actual infiltration and 
injection rates is only possible through long-term geophysical investigations and field 
trials.  
 In the lower Namoi historical groundwater extraction supporting the irrigation 
industry has been in excess of groundwater recharge. This has generated a storage 
space within the alluvial aquifer. The harvested supplementary water could be stored 
in either the shallow unconfined aquifer, or the semi-confined aquifers from which 
the irrigation bores extract groundwater. Furthermore, the losing pattern of streams 
to groundwater in the lower Namoi is expected to lower the salinity levels of the 
ambient groundwater through additional storage of low salinity floodwater and 
without a great risk of groundwater mounding for aquifer recharge under managed 
conditions. 
The financial cost-benefit analysis in Chapter 6, found that: 
 In the lower Namoi, locations with infiltration rates of 0.2 m/day and above can 
potentially benefit from MAR by using the basin infiltration method.  
 Basin infiltration systems could be piloted in locations where the river system is 
losing to the aquifer.  
 Under our “standard” assumptions even using existing wells, ASR appears to be 
uneconomical in comparison to basin infiltration and surface storage methods due to 
the high cost of water treatment. 
 In the lower Namoi, the opportunity for aquifer storage with the basin infiltration 
method can be advantageous for two reasons: a) under existing rules, large quantities 
of floodwater are available to harvest in wet periods and to be stored underground; 
b) the existing on-farm storage dams avoid the need for building temporary storage 
of floodwater before recharging it underground. Under the “standard” assumptions 
of this analysis, aquifer storage using the basin infiltration method is financially 
viable than surface storage and ASR both at the farm and at the regional-scale.  
 MAR options are found to be financially viable in comparison with surface storage 
in rural settings, where infiltration rates are high and aquifers are unconfined, 
transmissive and contain fresh groundwater.  
In Chapter 7, which assessed the feasibility of MAR under uncertainty, it was found that:  
 An analysis of cross-over points can be undertaken to identify minimum requirements 
under which MAR can be more advantageous than surface storage, and this was 
illustrated for the lower Namoi Catchment. 
 For the lower Namoi Catchment, MAR using basin infiltration can be financially 
superior to surface storage, but this depends on the selection of a suitable site where 
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a high infiltration rate, low MAR loss/high recovery rate and other minimum 
requirements can be achieved. 
 The method of identifying cross-over points is of more general utility to a range 
of cost-benefit applications where there is uncertainty in the values of variables. 
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8.2 Evaluation of the research questions   
Table 8.1 summarises the research exploration and findings to each research question from 
Chapter 1. 
Table 8.1 Research 
exploration and 
findings to each 
research 
questionResearch 
question 
Exploration  Finding 
When and why Managed 
Aquifer Recharge is or is 
not profitable in 
comparison to surface 
storage of water in a 
farming landscape? 
Cross-over points of greatest concern 
provide a threshold value above which 
MAR is financially profitable and below 
which it is not. See Table 7.2. Analysis of 
cross-over points can be undertaken to 
identify minimum requirements under 
which MAR can be more advantageous 
than surface storage. 
The application of the approach was 
illustrated for the lower Namoi. For this 
catchment under our “standard” 
assumptions, MAR using the basin 
infiltration method can be financially 
superior to surface storage but this 
depends on selection of a suitable site 
where high infiltration rate, low loss rate 
and other minimum requirements can be 
achieved. 
What are the variables 
and their influence 
contributing to the 
feasibility of MAR? 
Analysis in this research has identified 
20 variable related to the feasibility of 
MAR (see Table 3.1). Among them 14 
variables were found most critical to the 
financial feasibility of MAR. These 
variables are presented in Table 7.1. 
Hydrogeologic variables, that is, high 
infiltration and low MAR loss rates increase 
the advantages of MAR in comparison to 
surface storage. Moreover economic and 
climatic variables, for example, low crop 
prices, high discount rate, high pumping 
cost and low evaporation rate make MAR 
less favourable than surface storage.  
It was found in the break-even analysis of 
cross-over points that a small variation in 
evaporation rates, basin infiltration rates 
and price of crops can influence the 
feasibility of MAR, such that below the 
identified thresholds MAR becomes less 
profitable than surface storage of water. 
How does consideration 
of uncertainty improve 
farmers’ understanding 
and decision making to 
initiate MAR? 
Cost-benefit analysis of surface storage 
and MAR helps compare options in 
financial terms, but results cannot not 
be relied upon completely without due 
consideration of uncertainty.  
Break-even analysis of cross-over points 
is one way of assessing feasibility of 
MAR under uncertainty. Our approach 
to addressing uncertainty is to 
undertake financial cost-benefit analysis 
by analysing a range of values for 
influencing variables, and establish 
thresholds (cross-over points) where 
financial returns from surface storage 
and MAR are equal. 
Once the thresholds are established 
farmers can decide whether to initiate MAR 
or not. Accordingly mitigation options can 
be identified and put in place to avoid 
variables reaching identified thresholds. 
The cross-over points of greatest concern 
indicate a set of best combination of values 
for variables which are closet to the best 
guess value. These values can be 
interpreted as minimum requirements for 
each variable below which MAR is not 
profitable.   
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8.3 Contribution of this research to the topic of Managed Aquifer 
Recharge 
Research in this thesis has re-examined previous approaches and demonstrated an 
integrated approach to assess the feasibility of MAR under uncertain conditions by considering 
variables from hydrologic, hydrogeologic and economic disciplines. As highlighted in Chapter 1, 
current approaches to assessing the feasibility of MAR are qualitative and do not take account of 
uncertainty. In assessing the feasibility, the lack of a quantitative and an integrated approach and 
the absence of uncertainty considerations have been identified in the thesis as the two major 
methodological gaps. Methodological gaps in this thesis are addressed by using an integrated and 
quantitative approach. The thesis demonstrated that a break-even analysis of cross-over points is 
one useful way of assessing the feasibility of MAR under uncertainty. Further the study used an 
integrated approach by considering a range of values for influencing variables from distinct but 
complementing disciplines of hydrology, hydrogeology and financial economics. The suggested 
methodological approach to addressing uncertainty is to undertake a financial cost-benefit 
analysis and then to establish thresholds (cross-over points) where financial returns from surface 
storage and MAR are equal. Once the thresholds are established, mitigation options can be 
identified and put in place to avoid variables reaching identified thresholds.  
The thesis provides an integrated framework of sequential steps and represents a 
transferable “model” for assessing the feasibility of MAR at other locations. Importantly the 
approach is helpful to determine minimum hydrogeologic conditions and cost requirements for 
establishing MAR that can improve confidence in decision making for adapting MAR systems. 
Minimum thresholds or cross-over points is a way of identifying potential areas that satisfy the 
minimum requirements for MAR. Limiting geophysical and hydrogeologic investigations only to 
the potential sites can lower the feasibility cost, because geophysical and hydrogeologic 
investigations are known to be very costly and time expensive. 
8.4 Knowledge gaps and future research on the topic of MAR 
The desired global uptake of MAR is relatively slow; because there is little information on 
the economics of MAR -see Maliva (2014a) and Parsons et al.  (2012); and there is a lack of 
established rules on the governance of MAR -see (Ross, 2014), Rawluk et al.  , (2012) and Ward 
and Dillon, (2012). This thesis has contributed to the first knowledge gap by developing an 
integrated approach that assesses the feasibility of MAR and by showing that under what 
conditions MAR is financially more profitable than surface storage of water.  
In relation to the second knowledge gap on the lack of established rules on the governance 
of MAR, underground storage and entitlements have not yet been established in most jurisdictions 
where MAR can potentially benefit. A few jurisdictions, in Australia and the USA, have made 
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some progress on establishing institutional rules for the storage and recovery of water from 
aquifers under managed conditions. 
This study recognises and suggests two major areas for future research on the topic of 
MAR. Firstly, estimation of environmental costs and benefits of MAR is an important research 
area but was not covered in the scope of this study. In addition, comparison of MAR costs and 
benefits with other alternatives such as desalination and water use efficiency options like spray 
and trickle irrigation, can provide wider understanding of the comparative economics of MAR 
and other water supply alternatives.  
Secondly, more research is needed in establishing institutional rules and defining rights to 
the storage and recovery of water. It is because many countries have defined areas where the basic 
physical prerequisites for MAR are met, although this does not mean uptake of MAR will 
necessarily occur, because established institutional rules are the main reason of the uptakes of 
MAR in different countries. Most of the emphasis in water management in Australia, as in many 
other countries, is historically on surface water by building infrastructure and increasing water 
supply capacity with highly regulated delivery systems. Current arrangements effectively 
subsidise surface water storage services and there is little incentive for water users to consider the 
alternative of underground storage under these circumstances unless they see demonstrated 
benefits of underground storage. Separate entitlements to store water in aquifers, and then to 
withdraw it for use or transfer, are required to provide security and incentives for banking water 
underground.  
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Appendix I A: Mathematical formulation for the code 
Suppose we calculate the net benefit of alternative j as: P(x,oj) 
P net benefit 
x vector of parameter values that apply to all alternatives 
oj vector of variables specific to alternative j 
Break-even analysis aims to identify the value of x at which two alternatives i and j have 
the same benefit: 
P(x, oj) = P(x, oi). 
Equivalently we solve for x in 
P(x, oj) - P(x, oi) = 0 
For brevity this can be expressed in terms of the difference in net benefits between 
alternatives, ∆P: 
∆P(x, oi, oj) = 0 
For a univariate analysis, we aim to identify the value at which two options are equivalent 
for each parameter separately. A distinction is made between parameter xk, which is varied and 
the vector of parameters xf, which are fixed at their nominal values, with xk ∪ xf = x. We then 
solve for xk in: 
∆P(xk, xf, oi, oj) = 0 
If the function is continuous and its endpoints are of different signs, at least one solution 
exists, and can be identified by efficient algorithms. We use the uniroot function in R (Brent, 
1973a). 
If there are multiple xk values at which a break-even point occurs, this technique cannot 
identify them. If it is suspected this is the case, it can be verified graphically. The plot of ∆P as a 
function of xk would then show multiple solutions. 
For a bivariate analysis, we to identify the values at which two options are equivalent for 
a specified pair of variables. A distinction is made between parameters xj and xk, which are varied 
and xf, which are fixed at their nominal values, with xj ∪ xk ∪ xf = x 
Solving for xj and xk directly in ∆P(xj ,xk, xf, oi, oj) = 0 would typically yield a line rather 
than a single solution. To allow generality and interactivity, we approximate the line with a set of 
points. The first variable xj is set to multiple values and we solve for xk in each case as in the 
univariate case described above. The result is shown graphically as a point approximation of the 
line.  
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This analysis assumes the line of cross-over points can be expressed as a many-to-one 
relationship xk = f(xj), i.e. there is only one cross-over point for xk for a given value of xj. If the 
relationship is one-to-many, then the two variables can be swapped, i.e. xj = f(xk), when there is 
only one cross-over point for xj for a given value of xk. We do not handle many-to-many 
relationship, where there are many cross-over points for both xj and xk. Our experience shows that 
in a cost-benefit analysis context, variables often have a monotonic effect on the difference in net 
benefits ∆P, and therefore have a maximum of one cross-over point.  
In the multivariate case, there are potentially an infinite number of solutions to P(x, oj) - 
P(x, oi) = 0. We therefore focus on identifying a single cross-over point of interest. While 
motivated informally in the main text, the method used here in fact corresponds to the use of fuzzy 
set theory  (Zadeh, 1965), identifying a cross-over point with maximum degree of concern (i.e. 
degree of membership in the set of values considered plausible by the user). 
A triangular membership function is used to represent the ‘degree of concern’ μ(x) that a 
combination of variables x could take a particular value. This assumes that: 
1) The degree of concern of a parameter value is highest (μ(xk)=1) at the nominal value.  
2) The degree of concern of a parameter value is lowest (μ(xk)=0) at user-specified upper 
and lower bounds 
3) Degree of concern is linearly interpolated in between these two endpoints 
4) According to the fuzzy set intersection rule (Zadeh, 1965) , the degree of membership 
of a combination of parameters is the lowest degree of membership of its constituent 
parameters, μ(x)=mink μ(xk) 
We therefore solve: 
max_x μ(x), subject to the constraint that P(x, oj) - P(x, oi) = 0 
There are several methods to solve this problem. One approach is to decompose the 
parameters into: xv, xf and xc, which are varying, fixed and calculated respectively and xv ∪ xf ∪ 
xc = x. To ensure all points sampled in optimisation are on the manifold, the cost-benefit analysis 
equations are rearranged to express xc as a function of other parameters, yielding xc=f(xV,xf,oi,oj). 
Search in high dimensional space is expensive, so the user restricts the search to variables for 
which an interaction is of particular interest. The unconstrained optimisation problem becomes: 
max_xv μ(xv, xc) where xc = f(xV,xf,oi,oj) 
The optimisation is solved using Shuffled Complex Evolution (SCE) (Duan et al., 1992), 
as it is able to both exploit gradient-based information and avoid local optima through its 
combination of stochastic starting points, deterministic simplex-search and evolutionary mixing 
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of solutions. More computationally efficient optimisation algorithms are in development for 
specific problems.  
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Appendix I B: Code for Analysis 
## This is cost.benefit.breakeven::NPV_200 
NPV<- 
function (scen = "base", pump.cost.dollar.per.ml = 35, 
capture.pump.cost.dollar.per.ml.surface = NA,  
    capture.pump.cost.dollar.per.ml.mar = NA, 
capture.pump.cost.ratio.surface = 0.5,  
    capture.pump.cost.ratio.mar = 0.6, 
crop.water.requirement.ml.per.ha = c(cotton = 7.9,  
        faba.bean = 2.7, cultivated.dryland = 0), water.available 
= c(supplementary = 200),  
    gross.margin.per.ml = c(cotton = NA, faba.bean = NA, 
cultivated.dryland = Inf),  
    yield.per.ha = c(cotton = 9.5, faba.bean = 5, 
cultivated.dryland = (1.4 +  
        1.8)/2), price.per.yield = c(cotton = 538, faba.bean = 
348,  
        cultivated.dryland = (348 + 244)/2), variable.cost.per.ha 
= c(cotton = 2505 +  
        153.1, faba.bean = 565, cultivated.dryland = 224.6),  
    total.overhead.cost = 0, surface.evap.rate = 0.4, 
mar.loss.rate = 0.05,  
    discount.rate = 0.07, nyears = c(base = 30, basin = 30, 
injection = 20),  
    surface.evap.distrib = c(cotton = 0.75, faba.bean = 0.25,  
        cultivated.dryland = 0), farmdam.cost.per.ml = 1000,  
    include.farm.dam.capital.cost = 0, farm.dam.maintenance.rate = 
0.005,  
    asr.capacity.ml = NA, basin.cost.temp.storage.per.ml = 0,  
    basin.design.cost = NA, 
basin.design.cost.proportion.of.capital.cost = 0.1,  
    basin.capital.cost.per.ml = NA, 
basin.capital.cost.per.ml.at.0.2.m.per.day = 363,  
    basin.infiltration.rate = 0.2, basin.maintenance.rate = 0.1,  
    asr.design.cost = NA, 
asr.design.cost.proportion.of.capital.cost = 0.1,  
    asr.capital.cost.per.ml = 700, asr.cost.temp.storage.per.ml = 
0,  
    asr.treatment.capital.cost = NA, 
asr.treatment.capital.cost.per.ml = 250,  
    asr.treatment.cost.per.ml = 150, asr.maintenance.rate = 0.07,  
    asr.capital.cost = 0, net.environmental.cost = 0,  
    breakeven.factor = NA, state.var = NA) 
{ 
    nyears = nyears[[scen]] 
    if (scen == "base") { 
        mar.ml = 0 
    } 
    else { 
        mar.ml = water.available["supplementary"] 
    } 
    if (is.na(asr.capacity.ml))  
        asr.capacity.ml <- mar.ml 
    total.surface.water = sum(water.available["supplementary"]) 
    if (scen == "base") { 
        net.water.available = sum(water.available) - 
surface.evap.rate *  
            total.surface.water 
        pump.vol.ml = 0 
    } 
    else { 
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        net.water.available = sum(water.available) - mar.loss.rate 
*  
            mar.ml 
        pump.vol.ml = (1 - mar.loss.rate) * mar.ml 
    } 
    land.used.ha = c(cotton = NA, faba.bean = NA, 
cultivated.dryland = 0) 
    if (any(is.na(gross.margin.per.ml))) { 
        water.applied.ml = crop.water.requirement.ml.per.ha *  
            land.used.ha 
        if (is.na(land.used.ha["faba.bean"]) && 
is.na(land.used.ha["cotton"])) { 
            total.land.used = 
net.water.available/(crop.water.requirement.ml.per.ha["faba.bean"] 
+  
                crop.water.requirement.ml.per.ha["cotton"]) 
            land.used.ha["faba.bean"] = total.land.used 
            land.used.ha["cotton"] = total.land.used 
            water.applied.ml = crop.water.requirement.ml.per.ha *  
                land.used.ha 
        } 
        gross.value.per.yield = yield.per.ha * price.per.yield 
        gross.margin.per.ha = gross.value.per.yield - 
variable.cost.per.ha 
        gross.margin.per.ml = 
gross.margin.per.ha/crop.water.requirement.ml.per.ha 
        total.farm.gross.margin = land.used.ha * 
gross.margin.per.ha 
    } 
    else { 
        water.applied.ml = net.water.available * 
crop.water.requirement.ml.per.ha/sum(crop.water.requirement.ml.per
.ha) 
        total.farm.gross.margin = water.applied.ml * 
gross.margin.per.ml 
        total.farm.gross.margin["cultivated.dryland"] <- 
land.used.ha["cultivated.dryland"] *  
            (yield.per.ha["cultivated.dryland"] * 
price.per.yield["cultivated.dryland"] -  
                variable.cost.per.ha["cultivated.dryland"]) 
    } 
    total.contrib.farm.income = c(cotton = 56.9188118961194,  
        faba.bean = 28.4027025937631, cultivated.dryland = 
14.6784855101176)/100 
    overhead.cost = total.overhead.cost * 
total.contrib.farm.income 
    net.farm.income = total.farm.gross.margin - overhead.cost 
    net.farm.income.per.ml = net.farm.income/water.applied.ml 
    if (scen == "base") { 
        farm.dam.cost = farmdam.cost.per.ml * total.surface.water 
        capital.cost = farm.dam.cost * 
include.farm.dam.capital.cost 
        pump.cost = pump.vol.ml * pump.cost.dollar.per.ml 
        if (is.na(capture.pump.cost.dollar.per.ml.surface))  
            capture.pump.cost.dollar.per.ml.surface <- 
pump.cost.dollar.per.ml *  
                capture.pump.cost.ratio.surface 
        surface.pump.cost = total.surface.water * 
capture.pump.cost.dollar.per.ml.surface 
        farm.dam.maintenance = farm.dam.maintenance.rate * 
farm.dam.cost 
        ongoing.cost = pump.cost + farm.dam.maintenance + 
surface.pump.cost 
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        cost = annualised.capital.cost(capital.cost, 
discount.rate,  
            nyears) + ongoing.cost 
    } 
    else if (scen == "basin") { 
        if (is.na(basin.capital.cost.per.ml))  
            basin.capital.cost.per.ml = 
basin.capital.cost.per.ml.at.0.2.m.per.day *  
                0.2/basin.infiltration.rate 
        basin.capital.cost = basin.capital.cost.per.ml * 
asr.capacity.ml 
        if (is.na(basin.design.cost))  
            basin.design.cost = basin.capital.cost * 
basin.design.cost.proportion.of.capital.cost 
        temporary.storage.cost = basin.cost.temp.storage.per.ml *  
            asr.capacity.ml 
        capital.cost = basin.design.cost + basin.capital.cost +  
            temporary.storage.cost 
        if (is.na(capture.pump.cost.dollar.per.ml.mar))  
            capture.pump.cost.dollar.per.ml.mar <- 
pump.cost.dollar.per.ml *  
                capture.pump.cost.ratio.mar 
        surface.pump.cost = total.surface.water * 
capture.pump.cost.dollar.per.ml.mar 
        ongoing.cost = basin.maintenance.rate * 
basin.capital.cost.per.ml *  
            asr.capacity.ml + surface.pump.cost + pump.vol.ml *  
            pump.cost.dollar.per.ml 
        cost = annualised.capital.cost(capital.cost, 
discount.rate,  
            nyears) + ongoing.cost 
    } 
    else if (scen == "injection") { 
        if (is.na(capture.pump.cost.dollar.per.ml.mar))  
            capture.pump.cost.dollar.per.ml.mar <- 
pump.cost.dollar.per.ml *  
                capture.pump.cost.ratio.mar 
        surface.pump.cost = total.surface.water * 
capture.pump.cost.dollar.per.ml.mar 
        temporary.storage.cost = asr.cost.temp.storage.per.ml *  
            asr.capacity.ml 
        if (is.na(asr.capital.cost)) asr.capital.cost = 
asr.capital.cost.per.ml * asr.capacity.ml 
        if (is.na(asr.treatment.capital.cost))  
            asr.treatment.capital.cost = 
asr.treatment.capital.cost.per.ml *  
                asr.capacity.ml 
        if (is.na(asr.design.cost))  
            asr.design.cost = (asr.capital.cost + 
asr.treatment.capital.cost) *  
                asr.design.cost.proportion.of.capital.cost 
        capital.cost = asr.design.cost + asr.capital.cost + 
asr.treatment.capital.cost +  
            temporary.storage.cost 
        maintenance.cost = asr.maintenance.rate * 
(asr.capital.cost +  
            asr.treatment.capital.cost) 
        pump.cost = pump.vol.ml * pump.cost.dollar.per.ml 
        ongoing.cost = asr.treatment.cost.per.ml * mar.ml + 
maintenance.cost +  
            pump.cost + surface.pump.cost 
        cost = annualised.capital.cost(capital.cost, 
discount.rate,  
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            nyears) + ongoing.cost 
    } 
    else { 
        stop(sprintf("scen '%s' not recognised", scen)) 
    } 
    if (scen != "base") { 
        cost = cost + net.environmental.cost 
    } 
    benefit = sum(net.farm.income) 
    annual.cash.flow = benefit - cost 
    if (!is.na(breakeven.factor) && breakeven.factor == 
"net.environmental.cost")  
        return(net.environmental.cost + annual.cash.flow) 
    if (!is.na(breakeven.factor) && breakeven.factor == 
"pump.cost.dollar.per.ml")  
        return(pump.cost.dollar.per.ml + 
annual.cash.flow/pump.vol.ml) 
    if (!is.na(state.var))  
        return(get(state.var)) 
    annual.cash.flow * ((1 + discount.rate)^(-nyears) - 1)/(-
discount.rate) 
 
} 
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Appendix I C: Analysis R 
 
if(!require("ggplot2")) install.packages("ggplot2") 
library(ggplot2) 
library(scales) 
 
source("functions.R") 
source("NPV.R") 
ranges <- 
read.csv("cost_benefit_par_ranges.csv",stringsAsFactors=FALSE) 
 
 
##################################################################
############## 
 
 
## Fig 1 
## define scenarios to use 
## LHS=name to display 
## RHS=name passed to the NPV function 
scens=c("Basin infiltration"="basin", 
        "Surface Storage"="base", 
        "ASR"="injection") 
plotNPV(ranges,"pump.cost.dollar.per.ml",scens)+ 
  xlab("Pumping cost (AU$/ML)") 
ggsave("fig1.png",width=5,height=3,scale=1.2) 
 
## Fig 2 is a diagram 
 
## Fig 3 
round(base=c(NPV("base"),basin=NPV("basin"),injection=NPV("injecti
on"))/1000) 
 
## Fig 4 
plotNPV(ranges,"basin.capital.cost.per.ml.at.0.2.m.per.day",scens)
+ 
  xlab("Basin capital cost at infiltration rate of 0.2 m/day 
(AU$/ML)") 
ggsave("fig4.png",width=5,height=3,scale=1.2) 
 
## Fig 5.1 and 5.2 are diagrams 
 
## Table 1 Levelised costs 
table1=rbind( 
  c(0, 
    annualised.capital.cost(NPV("basin",state.var="capital.cost"), 
0.07, 30)/200, 
    
annualised.capital.cost(NPV("injection",state.var="capital.cost"), 
0.07, 20)/200 
  ), 
  c( 
    NPV("base",state.var="ongoing.cost")/200, 
    NPV("basin",state.var="ongoing.cost")/200, 
    NPV("injection",state.var="ongoing.cost")/200 
  ), 
  c( 
    NPV("base",state.var="cost")/200, 
    NPV("basin",state.var="cost")/200, 
    NPV("injection",state.var="cost")/200 
  ) 
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) 
colnames(table1)<-c("base","basin","injection") 
rownames(table1)<-c("capital.cost","ongoing.cost","total") 
round(table1,1) 
 
## Table 2 Irrigation benefits 
table2 <- rbind( 
  ## Initial volume taken from flooding river ML 
  200, 
  ## Useable volume (after losses) (ML) 
  200*c(base=0.6,basin=0.95,injection=0.95), 
  ## Gross value of crop ($/ML) 
  ## Calculated on equal areas 
  
sum((NPV(state.var="gross.margin.per.ha")/sum(NPV(state.var="crop.
water.requirement.ml.per.ha")))[-3]), 
  ## Irrigation benefits 
  200*c(base=0.6,basin=0.95,injection=0.95)*  
    
sum((NPV(state.var="gross.margin.per.ha")/sum(NPV(state.var="crop.
water.requirement.ml.per.ha")))[-3]) 
) 
round(table2,1) 
 
## Table 3  
table3 <- 
cbind(univariate.breakeven(ranges,"base","basin")[,c("Variable","M
odeled")], 
                
surface.basin=round(univariate.breakeven(ranges,"base","basin")[,"
break."],2), 
                
surface.asr=round(univariate.breakeven(ranges,"base","injection")[
,"break."],2), 
                
basin.asr=round(univariate.breakeven(ranges,"basin","injection")[,
"break."],2) 
                ) 
table3 
 
 
## Table 4 point of greatest concern 
temp.ranges <- ranges[c(1:6,9:13),] 
pgc <- crossoverEquiconcern("base","basin",temp.ranges) 
table4 <- cbind(temp.ranges[,c("Variable","Min","Max","Modeled")], 
                pt.greatest.concern=round(pgc$values,2), 
                change.from.best.guess=round(pgc$values-
temp.ranges$Modeled,2) 
                ) 
table4 
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Appendix I D: Function R 
## copied from library(cost.benefit.breakeven) 
univariate.breakeven <- function (ranges, scen, baseline) { 
  eqs <- sapply(ranges$Variable, function(v) { 
    ranges0 <- subset(ranges, Variable == v) 
    basin_base0 <- createFun(scen, baseline, ranges0) 
    tryCatch(return(uniroot(basin_base0, interval = c(ranges0$Min,  
                                                      
ranges0$Max))$root), error = function(e) return(NA)) 
  }) 
  data.frame(ranges, `break` = eqs) 
} 
## copied from library(cost.benefit.breakeven) 
crossoverEquiconcern <-function (scen, baseline, ranges) { 
  basin_base0 <- createFun(scen, baseline, ranges) 
  dNPV = function(loc, bound) { 
    x = ifelse(bound < ranges$Modeled, bound + loc * 
(ranges$Modeled -  
                                                        
bound)/100, bound - loc * (bound - ranges$Modeled)/100) 
    basin_base0(x) 
  } 
  bounds <- do.call(expand.grid, lapply(apply(ranges[, c("Min",  
                                                         "Max")], 
1, as.list), unlist)) 
  locs = apply(bounds, 1, function(bound) { 
    res = tryCatch(uniroot(dNPV, c(0, 100), bound = bound)$root,  
                   error = function(e) NA) 
  }) 
  if (all(is.na(locs)))  
    stop("No crossover points found") 
  w.max.loc = which.max(locs) 
  loc = locs[w.max.loc] 
  bound = as.numeric(bounds[w.max.loc, ]) 
  names(bound) <- ranges$Variable 
  x = ifelse(bound < ranges$Modeled, bound + loc * (ranges$Modeled 
-  
                                                      bound)/100, 
bound - loc * (bound - ranges$Modeled)/100) 
  names(x) <- ranges$Variable 
  list(loc = loc, bound = bound, dNPV = dNPV(loc, bound = bound),  
       values = x) 
} 
## copied from library(cost.benefit.breakeven) 
annualised.capital.cost <- function (C, r, t) { 
  annuity.factor = (1 - 1/(1 + r)^t)/r 
  C/annuity.factor 
} 
## copied from library(cost.benefit.breakeven) 
getDefaultPars <- function (fn) { 
  pars <- as.list(eval(formals(fn))) 
  for (i in 1:nrow(ranges)) eval(parse(text = sprintf("pars$%s <- 
%f",  
                                                      
ranges$Variable[i], ranges$Modeled[i]))) 
  pars 
} 
## copied from library(cost.benefit.breakeven) 
createFun <- function (scen, baseline, ranges, fixed.vals = NULL,  
                       MODEL = get("NPV", envir = .GlobalEnv)){ 
  pars <- getDefaultPars(MODEL) 
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  for (v in ranges$Variable) { 
    if (is.null(eval(parse(text = sprintf("pars$%s", v)))))  
      stop(sprintf("Parameter %s not recognised", v)) 
  } 
  fixed.vals2 <- paste(sapply(1:length(fixed.vals), function(i) 
sprintf("pars$%s <- %s",  
                                                                        
names(fixed.vals)[i], fixed.vals[[i]])), collapse = "\n    ") 
  if (is.null(fixed.vals))  
    fixed.vals2 <- "" 
  settings <- paste(sapply(1:nrow(ranges), function(i) 
sprintf("pars$%s <- x[%d]",  
                                                               
ranges[i, 1], i)), collapse = "\n    ") 
  f <- eval(parse(text = sprintf("\n  function(x){\n    x<-
as.numeric(x)\n    pars <- getDefaultPars(NPV)\n    %s\n    
pars$scen='%s'\n    %s\n    if(any(!names(pars) %%in%% 
names(formals(NPV))))\n     warning(sprintf('Variables are given 
in ranges etc but not used: %%s',\n      
paste(names(pars)[!names(pars) %%in%% names(formals(NPV))],\n       
collapse=', '\n      )\n     ))\n    
pars=pars[names(formals(NPV))]\n    s=do.call(NPV,pars)\n    
pars$scen='%s'\n    b=do.call(NPV,pars)\n    diff=s-b\n    
stopifnot(!is.na(diff))\n    diff\n  }",  
                                 fixed.vals2, scen, settings, 
baseline))) 
  environment(f) = .GlobalEnv 
  f 
} 
## ranges - data.frame with columns Variable,Modeled,Min,Max 
## variable - one of ranges$Variable 
## scens - vector of scenarios accepted by NPV as argument scen. 
##   if named, names are used in plot 
## NPV - function to evaluate 
## text - if TRUE, return text instead of ggplot object 
plotNPV<-
function(ranges,variable,scens,NPV=get("NPV",.GlobalEnv),text=FALS
E){ 
  if(is.null(names(scens))) names(scens) <- scens 
  ranges0 <- subset(ranges, Variable == variable) 
  ## Template of the ggplot command 
  tpl="                    
ggplot(data=data.frame(x=c(ranges0$Min,ranges0$Max)))+ 
          geom_vline(aes(xintercept={MODELED},linetype='Best 
guess',size='Best guess',colour='Best guess',show_guide=TRUE))+ 
          geom_vline(aes(xintercept=c({MIN},(Taylor et 
al.)),linetype='Limits',size='Limits',colour='Limits'))+ 
          
geom_hline(aes(yintercept=0),colour='grey',size=1,linetype='solid'
)+ 
          
scale_x_continuous(limits=range(c(ranges0$Min,ranges0$Max)),labels
=comma)+ 
          xlab(variable)+ 
          scale_y_continuous(name='NPV AU$1,000s')+ 
          
scale_linetype_manual(name='Lines',values=c('Limits'='solid','Best 
guess'='dashed',{LINETYPE}), 
                    limits=c('Best guess','Limits',{SCENS}))+ 
          
scale_size_manual(name='Lines',values=c('Limits'=0.5,'Best 
guess'=0.5,{SIZE}), 
                    limits=c('Best guess','Limits',{SCENS}))+ 
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scale_colour_manual(name='Lines',values=c('Limits'='black','Best 
guess'='black',{COLOUR}), 
                    limits=c('Best guess','Limits',{SCENS}))" 
  ## Replace values 
  tpl=gsub("{MODELED}",ranges0[,"Modeled"],tpl,fixed=TRUE) 
  tpl=gsub("{MIN}",ranges0[,"Min"],tpl,fixed=TRUE) 
  tpl=gsub("(Taylor et al.)",ranges0[,"Max"],tpl,fixed=TRUE) 
  
tpl=gsub("{LINETYPE}",paste(sprintf("'%s'='solid'",names(scens)),c
ollapse=","),tpl,fixed=TRUE) 
  
tpl=gsub("{SIZE}",paste(sprintf("'%s'=1",names(scens)),collapse=",
"),tpl,fixed=TRUE) 
  
tpl=gsub("{COLOUR}",paste(sprintf("'%s'='%s'",names(scens),scales:
:hue_pal()(length(names(scens)))),collapse=","),tpl,fixed=TRUE) 
  
tpl=gsub("{SCENS}",paste(sprintf("'%s'",names(scens)),collapse=","
),tpl,fixed=TRUE) 
  ## Add functions to evaluate 
  for(i in 1:length(scens)){ 
    scen.name=names(scens)[i] 
    tpl=sprintf("%s+ 
          stat_function(fun=function(x){ 
               pars=getDefaultPars(NPV) 
               pars$scen='%s' 
               sapply(x,function(x2) {pars$%s=x2; 
do.call(NPV,pars)/1000}) 
},aes(linetype='%s',size='%s',colour='%s'))",tpl,scens[i],variable
,scen.name,scen.name,scen.name) 
  } 
  if(text) return(tpl) 
  eval(parse(text=tpl)) 
} 
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Appendix I F: cost_benefit_par_ranges 
Variable  Modeled Min Max 
pump.cost.dollar.per.ml  35 6.25 225 
surface.evap.rate  0.4 0.1 1 
basin.capital.cost.per.ml.at.0.2.m.per.day  363 100 3000 
basin.infiltration.rate  0.2 0.01 2 
basin.maintenance.rate  0.1 0.01 0.4 
mar.loss.rate  0.05 0 0.85 
asr.treatment.cost.per.ml  150 0 500 
asr.maintenance.rate  0.07 0.03 0.5 
price.per.yield$cotton  538 50 1500 
price.per.yield$faba.bean  348 50 1400 
discount.rate  0.07 0.01 0.5 
nyears$base  30 2 50 
nyears$basin  30 2 50 
nyears$injection  20 2 50 
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